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CHAPTER 1 
Introduction and outline of the thesis 
Vitamins form a heterogeneous group of thirteen chemical substances with diverse 
biochemical, pharmacological and physiological functions. The most convenient way 
of classifying the vitamins is by there solubility. Vitamins are thus classified into water-
and fat-soluble vitamins. The solubility of a vitamin influences its mode of action and 
storage. 
The water-soluble vitamins include vitamin С and the B-complcx vitamins: 
thiamin, riboflavin, niacin, pantothenic acid, vitamin B-6, folate and vitamin B-12. 
Generally speaking, and with the exception of vitamin B-12, only small amounts of 
these compounds are retained in the body. They enter the body freely, are present in 
intra- and extracellular fluids, and generally leave the body easily via the urine. Most 
water-soluble vitamins function as co-factors in energy, amino acid and nucleic acid 
metabolism. Alternatively, they are co-substrates in enzymatic reactions, such as 
vitamin С acting as reducing agent in numerous oxidation-reduction reactions. 
The fat-soluble vitamins include the vitamins A, D, E and K. Fat-soluble vitamins 
have more specific actions, with the exception of vitamin E (a broad-spectrum lipid 
antioxidant). They are easily stored, with the exception of vitamin E, principally in 
the liver but also in adipose tissue, and are not excreted as readily as the water-
soluble vitamins. With the exception of vitamin K, they are not co-factors like the B-
complex vitamins. 
As vitamins cannot be synthesized by the human body, they have to be supplied 
(in trace amounts) through the diet. Generally, an adequate and varied diet satisfies 
individual vitamin requirements and precludes vitamin deficiency. The balance over 
time between vitamin intake and vitamin requirement is reflected in the vitamin 
status of an individual. The vitamin status can be considered to reflect the amount of 
a particular vitamin available in the body to enable biochemical (physiological) 
processes that depend on that specific vitamin for their function (1). A chronic 
inadequate dietary vitamin intake and/or an increased vitamin requirement may 
result in vitamin deficiency. Causes of vitamin deficiencies include poverty, lack of 
appropriate foods and inappropriate food selection resulting in inadequate vitamin 
intake (primary deficiencies), as well as diseases affecting intestinal absorption, poor 
bioavailability of nutrients, increased metabolic needs, drug-vitamin and antinutrient-
nutrient interactions and genetic defects of vitamin metabolism resulting in increased 
vitamin requirements (secondary deficiencies). It is well recognized that severe 
vitamin deficiency impairs health and various human functions - physiological 
functions such as exercise performance, immuno-competence, cognitive function and 
psychomotor performance as well as mood and personality (2). 
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Depletion of vitamins is a gradual process, so that development of a vitamin 
deficiency is a temporal phenomenon. Manifestation of classic signs and symptoms of 
vitamin deficiency is preceded by a period during which body stores are depleted, 
metabolic adaptation occurs, and some biochemical or functional alterations or non­
specific signs may be detectable. As these sub-clinical phenomena may have a 
negative impact on health and well-being of individuals in a population, avoidance of 
these conditions and early diagnosis of mild degrees of vitamin deficiency or 
subclinical vitamin deficiency are cornerstones of preventive medicine. Subclinical 
forms of vitamin deficiency are called 'marginal deficiencies' (3, 4, 5). A marginal 
vitamin status or marginal deficiency is characterized by vitamin levels in body fluids 
and tissues below reference limits and by biochemical changes in metabolism without 
any vitamin-specific clinical signs and symptoms of deficiency (6). However, the 
limitation of this definition is that it is purely statistical, and is not necessarily related 
to any physiological or biological (mal)function. 
In present-day affluent societies frank vitamin deficiencies are rare. However, 
even a low prevalence of severe deficiencies in a population makes it quite 
conceivable that a much larger number of people may suffer from marginal vitamin 
deficiencies. In other words, severely vitamin-deficient individuals represent index 
cases, or the tip of the iceberg (7), in the distribution of vitamin status within a 
community. Unfortunately, marginal vitamin deficiency is difficult to diagnose and 
there are few data that allow a quantitative estimate of the true prevalence. 
Particularly the B-complex vitamins thiamin, riboflavin and vitamin B-6 as well as 
vitamin С are at risk to become marginally deficient in industrialized countries due to 
imprudent consumption habits and refinement of products resulting in low intakes 
(8). Single marginal deficiency for each of these vitamins has been observed in 
several population groups such as young and elderly people (9-17), pregnant women 
(18), cancer patients (19, 20), military personnel (21) and athletes (22-25). There 
are indications that the marginal vitamin status in athletes is the result of 
redistribution of vitamin pools in the body due to adaptation to long-term physical 
training, rather than the result of inadequate intake or increased vitamin requirement 
(26). Contrary to single marginal vitamin deficiency, information on the prevalence 
of a combined marginal status for thiamin, riboflavin, vitamin B-6 and vitamin С is 
not available. If a marginal vitamin status has any health or functional consequences, 
a combined marginal status for these vitamins may have a greater impact on health 
and function (synergistic effects) than the sum of separate effects (additive effects). 
However, current knowledge on health and functional consequences of a single or 
combined marginal status for thiamin, riboflavin, vitamin B-6 and vitamin С is 
scanty. 
The objectives underlying the studies reported in this thesis were to broaden the 
insight into the effects of restricted intake leading to marginal deficiencies for 
thiamin, riboflavin, vitamin B-6 and vitamin С on human exercise and cognitive 
performance under strictly controlled conditions and the possible consequences of 
these effects for the Dutch population. 
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Chapter 2 reviews the literature on the roles of thiamin, riboflavin, vitamin B-6 
and vitamin С in metabolism, their requirements and dietary recommendations, and 
effects of restricted intake on functional performance in man Chapter 3 reports a 
study on the effect of combined restricted intake of thiamin, riboflavin, vitamin B-6 
and vitamin С on physical and cognitive performance. Studies into the relative 
contribution of each individual vitamin to the effects of combined marginal 
deficiency are described in Chapters 4 and 5 Finally, a population study on the 
prevalence of combinations of low thiamin, riboflavin, vitamin B-6 and vitamin С 
intake is reported in Chapter 6 
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CHAPTER 2 
Thiamin, riboflavin, vitamin B-6 and 
vitamin C: role in metabolism, 
requirements and functional consequences 
of restricted intake — A literature review 
Role of thiamin, riboflavin, vitamin B-6 and vitamin С in metabolism 
In all tissues, including skeletal muscle, mitochondria are the site of oxygen 
consumption and aerobic energy production. Thiamin, riboflavin, vitamin B-6 and 
vitamin С play a role as co-factors for various mitochondrial enzymes involved in /з-
oxidation, citric acid cycle, and respiratory chain. In addition, vitamin B-6 plays a 
role in amino acid metabolism. However, as protein contributes minimally to energy 
metabolism (1), emphasis in this review will be on the role of thiamin, riboflavin, 
vitamin B-6 and vitamin С in carbohydrate and fat metabolism. 
Thiamin 
Thiamin is a double-ring compound in which a substituted pyrimidine ring and a 
substituted thiazole ring are connected by a methylene bridge. In the human body, an 
ATP-dependent thiamin pyrophosphate transferase is responsible for the conversion 
of thiamin into its active form, thiamin diphosphate (ThDP). Thiamin diphosphate is 
required as a co-factor in the oxidative decarboxylation of pyruvate to give acetyl-
CoA (pyruvate dehydrogenase complex), the oxidative decarboxylation of a-
ketoglutarate to succinyl-CoA (a-ketoglutarate dehydrogenase complex), and the 
decarboxylation of the a-keto analogues of the branched-chain amino acids leucine, 
isoleucine and valine to their corresponding acyl-CoAs (2). These reactions also 
require flavin adenine dinucleotide (FAD) (from riboflavin). The pyruvate 
dehydrogenase complex catalyses the decarboxylation of pyruvate to acetyl-CoA, 
initiating the aerobic oxidation of pyruvate in the citric acid cycle. Therefore this 
complex provides an important link between glycolysis and the complete oxidation of 
glucose. Thiamin-dependent is the transketolase reaction in the pentose 
monophosphate cycle which produces nicotinamide adenine dinucleotide phosphate 
(NADP) for the biosynthesis of fatty acids and pentose for RNA and DNA synthesis. 
In addition, thiamin diphosphate and thiamin triphosphate contribute to nervous 
system composition and function (3). 
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Riboflavin 
Chemically, riboflavin is the tricyclic compound 7,8-dimethyl-10-(r-D-
ribityl)isoalloxazine. In the body, riboflavin is converted into its co-factor forms: 
riboflavin-5'-phosphate (FMN, flavin mononucleotide) and FAD. These co-factors 
are essential to the function of numerous flavin enzymes (flavoproteins) involved in 
the transfer of hydrogen (oxidation-reduction reactions) (2). Most notable examples 
are the FAD-dependent succinate dehydrogenase which links the citric acid cycle 
directly to oxidative phosphorylation (complex II of the electron transfer or 
respiratory chain; succinate-coenzyme Q reductase), the FMN-dependent NADH 
dehydrogenase (complex I of the electron transfer chain; NADH-coenzyme Q 
reductase), and in pathways for oxidation of fatty acids: three FAD-dependent fatty 
acyl-CoA dehydrogenases with different chain length specificities (short-chain 
(SCAD), medium-chain (MCAD) and long-chain acyl-CoA dehydrogenase 
(LCAD)), which catalyse the first dehydrogcnation step in the /з-oxidation spiral. The 
co-factor in these dehydrogenases is FAD, whose reoxidation by and linkage to 
complex III of the respiratory chain (ubiquinol cytochrome с reductase) requires the 
mediation of another flavoprotein, termed electron-transferring flavoprotein (ETF), 
and ETF-dehydrogenase (4). Flavin enzymes are also essential to the conversion of 
vitamin B-6 into its co-factor form (5). Besides its direct role in fatty acid 
metabolism, riboflavin is also indirectly involved in fatty acid metabolism: it has been 
suggested that it is an obligate co-factor in carnitine biosynthesis (6). Carnitine is 
mandatory for transport of long-chain fatty acyl-CoA esters across the inner 
mitochondrial membrane into the mitochondria for /З-oxidation to acetyl-CoA. 
Besides being an essential carrier for activated fatty acids across the mitochondrial 
membrane, carnitine acts as an acceptor of acyl groups of acyl-CoA produced from 
pyruvate and /з-oxidation of fatty acids (7). 
Vitamin B-6 
Vitamin B-6 is the generic term for all 3-hydroxy-2-methylpyridine derivatives having 
qualitatively the biological activity of pyridoxine in rats. It occurs in three forms, or 
vitamers - pyridoxine, pyridoxal and pyridoxamine - in which alcohol, aldehyde and 
amine groups, respectively, are located at the 4 position of the pyridine ring. The 
vitamin functions as co-factor in the form of pyridoxal-5'-phosphate (PLP) and 
sometimes as pyridoxamine-5'-phosphate (PMP). PLP is involved in numerous 
reactions in amino acid metabolism and gluconeogenesis, including transamination, 
decarboxylation, racemation, cleavage, synthesis and desulphydration (2). After 
deamination of amino acids their carbon skeletons are transformed to pyruvate, 
acetyl-CoA or one of the intermediates of the citric acid cycle (1). Moreover, PLP 
plays an important structural role in the enzyme glycogen Phosphorylase (8). In 
addition to riboflavin, vitamin B-6 is also indirectly involved in fatty acid metabolism: 
it has been suggested that PLP is an obligate co-factor in carnitine biosynthesis (6, 9). 
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Vitamin С 
In the body vitamin С functions as an essential co-substrate in several hydroxylation 
reactions. The metabolically most notable among the hydroxylations is the synthesis 
of carnitine. Carnitine is synthesized from lysine and methionine by a pathway 
containing two steps that require vitamin С and iron for hydroxylation (10, 11). L-
ascorbic acid and its primary oxidation product, dehydro-L-ascorbic acid, also form a 
reversible redox system in which the vitamin functions as a reducing agent in the 
organism, forming part of the body's antioxidant defence against reactive oxygen 
species and oxygen-derived free radicals in cooperation with vitamin E, NADPH 
(reduced form of NADP) and glutathione (2). 
In conclusion, thiamin and riboflavin are directly involved in mitochondrial 
carbohydrate and fat metabolism. Moreover, vitamin С and vitamin B-6, as well as 
riboflavin, are indirectly involved in mitochondrial fat metabolism due to interference 
with carnitine synthesis. In addition, there exist interdependences between several of 
these vitamins. On the basis of these considerations, it is conceivable that marginal 
deficiencies in these vitamins may deteriorate mitochondrial function. However, little 
is known yet about the relationship between the biochemical disorders caused by 
marginal vitamin deficiency, if any, and functional performance decrements in man. 
Requirements and recommendations for thiamin, riboflavin, vitamin B-6 
and vitamin С 
Vitamin requirements 
How much of every vitamin should be consumed daily has been determined by 
controlled experimental research (depletion, rehabilitation and balance studies) and 
by epidemiological surveys, leading to the concept of minimum daily requirements 
(MDRs). A MDR refers to the amount of a vitamin required to maintain health in 
the healthy individual or the amount required to prevent any vitamin deficiency (12). 
In the literature there is confusion as to (minimum daily) requirements because 
different definitions are used: the prevention of clinical deficiency symptoms, the 
maintenance of specified levels for vitamins or their metabolites in tissues, the 
maintenance of enzyme activities at specified levels. A FAO/WHO Expert 
Consultation has tried to overcome this problem by indicating clearly the 
requirements being applied (13). This Expert Consultation adopted two levels of 
requirement. The first level refers to the prevention of clinically detectable 
impairment of function (Basal requirement). The second level of requirement refers 
to the maintenance of a reserve in the tissues that can be mobilized without 
detectable impairment of function (Normative storage requirement). 
Since not all individuals have a similar requirement, there is variability among 
healthy individuals. This interindividual variation in MDR can be attributed to 
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intrinsic (genetic) factors of each individual as well as to extrinsic (environmental) 
factors that affect the phenolypic expression of this genetic factor (14) However, it is 
very difficult to differentiate between genetic and environmental (physical, social and 
biological) sources that contribute to intenndividual variation Therefore, the factors 
that potentially affect intenndividual variation of vitamin requirement will be 
discussed regardless of their intrinsic or extrinsic origin In addition to this, the fact 
that individual requirements are not necessarily fixed over time will be passed over 
(15) 
Vitamin requirements are determined in particular by individual characteristics, 
adaptation and the efficiency of digestion, absorption and utilization (bioavailability) 
Individual characteristics are age, sex, body composition and activity Adaptation is 
the capacity of individuals to adjust metabolic and physiologic processes to changes 
in vitamin intake without loss of function (14, 15) Bioavailability (16) refers to the 
degree to which a vitamin becomes available to the target tissues after consumption 
When a vitamin is made available to become biologically active in the target tissues, 
the vitamin may be utilized Utilization, therefore, refers to the actual role as co-
factor in metabolism 
Vitamin bioavailability is influenced by many factors such as binding form, 
magnitude of vitamin stores in body tissues and interactions with other lood 
components Although knowledge of vitamin bioavailability is limited, available 
information indicates that for most vitamins bioavailability is fairly high (17, 18) 
Therefore, bioavailability is taken into account in setting the MDRs (19) The 
quantitative contribution of individual characteristics and adaptation to 
intenndividual variability for a particular vitamin requirement is largely unknown 
The adequate level of intake (physiological requirement) of a particular vitamin 
for a group of individuals can be derived from the mean MDR by correcting for 
intenndividual variance of this requirement (estimated coefficient of variation of 10 
to 15% (20) 
In practice, the adequate level of intake is calculated as mean MDR plus twice 
the intenndividual standard deviation (margin of safely), assuming that the MDR is 
distributed more or less normally in a population Therefore, the adequate level of 
intake should cover the vitamin needs and maintain health of 97 5% of a population 
However, there are indications that the distribution is skewed to the right rather than 
Gaussian Recently, the approach described has been questioned as it may result in 
too broad safety margins (12) 
Dietary recommendations 
The facts summarized above enable national nutrition councils to establish dietary 
recommendations Generally, dietary recommendations (safe levels of intake) are 
mostly equal lo the adequate levels of intake However, all recommendations are 
based on knowledge and judgements Judgements depend on the opinion of national 
nutrition councils, and may vary due to differences m malnutrition prevalence and in 
social and economical situations between countries that are reflected in the margins 
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of safety chosen This is one of the causes for recommendations to differ among 
countries In western countries, the requirement used in the current recommended 
daily allowance (RDA) calculations usually meets the normative storage 
requirement 
According to the Dutch Nutrition Council, RDAs must be defined as desirable 
amounts of nutnents necessary for programming food supply and for evaluation of 
the adequacy of nutrient intake of a community ora population group (19) The U S 
National Research Council defines the RDAs as the levels of intake of essential 
nutrients that, on the basis of scientific knowledge, are judged by the Food and 
Nutrition Board to be adequate to meet the known nutrient needs of practically all 
healthy persons (21) The U К Department of Health and Social Security defines 
the recommended dietary intake (RDI) for nutrients as the amounts sufficient or 
more than sufficient to satisfy the nutritional needs of practically all healthy persons 
in a population (22) The Dutch, American and British definitions are almost equal, 
except that intake refers to what is eaten and allowance to what is provided (23) 
In 1989, the Dutch Nutrition Council has published the revised Dutch RDAs 
(19) Concerning the vitamin recommendations, the RDAs are equal to the adequate 
levels of intake Because of its close relationship with energy metabolism, thiamin 
allowance is expressed per MJ consumed 95 μg/MJ Because there is evidence of an 
increased thiamin requirement in the elderly the recommendation for this category 
has been set at 120 μg/MJ For all adults minimum thiamin intake is 1 0 mg/day As 
there is a close relationship between level of protein intake and vitamin B-6 
requirement, the allowance for vitamin B-6 is expressed per gramme of protein 
consumed 0 02 mg/g (men at least 1 0 mg/day, women at least 1 0-1 5 mg/day) The 
riboflavin requirement is related to basal metabolic rate (BMR), as is the need for 
protein As protein allowance has already taken BMR into account, the riboflavin 
allowance is related to protein requirement, viz 0 025 mg/g For all adults minimum 
riboflavin intake is 1 1 mg/day Vitamin С is not related to any other nutritional 
factor, the recommended intake for all adults is 70 mg/day The RDAs are listed in 
Table 1 
Table 1 Dutch 1989 recommended dietary allowances (RDAs) for thiamin riboflavin, vitamin В 6 
and vitamin С (19) 
Category Age Energy Thiamin Riboflavin ViUmin В 6 Viiamin С 
(yr) (MJ/day) (mg/day) (mg/day) (mg/day) (mg/day) 
Men 
Women 
22-49 
50-65 
265 
22-49 
50-65 
ä65 
11 1 
10 1 
88 
87 
8 2 
7 8 
1 1 
1 0 
1 0 
1 0 
10 
1 0 
16 
1 6 
1 5 
1 3 
1 3 
1 3 
1 5 
1 4 
1 2 
1 2 
1 1 
1 0 
70 
70 
70 
70 
70 
70 
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Functional consequences of restricted intake of thiamin, riboflavin, 
vitamin B-6 and vitamin С 
Current knowledge on human functional consequences of restricted intake of 
thiamin, riboflavin, vitamin B-6 and vitamin С resulting in single or combined 
marginal vitamin deficiency is limited. Human function includes physical 
performance, psychological abilities (cognitive function, psychomotor performance 
(perceptual motor skills), mood and personality), and immunocompetence. Evidence 
for causal relations between a marginal vitamin status and physiological functions in 
man can be obtained through well-controlled intervention trials: depletion and 
rehabilitation studies. Descriptive epidemiological or cross-sectional observations 
provide no more than correlational data on which hypotheses can be developed (24, 
25). The literature describing intervention trials on human function, with emphasis 
on physical performance and psychological abilities, will be reviewed below. 
Depletion studies (Tables 2 to 4) 
Only those studies will be considered in which vitamin intake was well documented. 
Single-vitamin depletion studies have been conducted for thiamin (26-32), riboflavin 
(33-35), vitamin С (36-40), but reports on vitamin B-6 are scarce. Multiple-vitamin 
depletion studies have been conducted for thiamin and riboflavin (41-46), and for 
thiamin, riboflavin and vitamin B-6 (47). In most of these depletion studies other 
water-soluble vitamins were involved as well (42-45, 47). No studies have been 
devoted to combined depletion of thiamin, riboflavin, vitamin B-6 and vitamin C. 
There is circumstantial evidence that restricted intake of the B-complex vitamins 
mentioned in depletion studies with volunteers leading to a marginal vitamin status 
may affect human function, particularly physical performance (27, 30, 31, 34, 41, 43, 
47), psychomotor performance, as well as mood and personality (29, 34, 43, 44, 47). 
Cognitive function appears to be resistant to experimental marginal vitamin 
deficiency. The majority of vitamin C-depletion studies resulted in scurvy and 
therefore surpass the scope of this review on marginal vitamin status. However, the 
impact of scurvy on functional performance was not unequivocal. 
About half of the depletion studies included combinations of thiamin, riboflavin 
and/or vitamin B-6 (41-47) and revealed more frequently an impact on functional 
performance than did studies with single thiamin and riboflavin restriction (26-35) 
(Table 5). It is evident that any influence on functional performance depends on the 
extent of restriction of vitamin intake and the duration of the restriction period. 
Moreover, interindividual response differences have to be taken into account as well. 
Generally, studies with water-soluble vitamin intakes above 40% of the 1989 US 
RDAs (21) do not result in functional performance decrements (26, 28, 33, 43, 44, 
46). With respect to intakes between 20 and 40% of the 1989 US RDAs, functional 
consequences of multiple water-soluble vitamin restriction seem to be of a temporal 
nature (32, 42, 45, 47). Loss of function was more pronounced with 
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Table 2 Depletion studies on thiamin, riboflavin, vitamin B-6 and other B-complex vitamins 
Ref Diet Subjects Duration of 
restriction period 
Functional 
performance* 
41 deficient in thiamin 
(0 65 mg/day) and ribo-
flavin (Ü 94 mg/day) 
26 four levels of thiamin 
intake (55, 79, 126 and 
15C^g/MJ) 
Energy ca 12 8 MJ/day 
27 deficient in thiamin 
(0 27 mg/day) 
Energy ca 12 6 MJ/day 
42 deficient in thiamin 
(38 \xg/M}), riboflavin 
(36 μg/MJ) and niacin 
(429 μg/MJ) 
43 A) deficient in thiamin 
(44 μg/MJ), riboflavin 
(68 μg/MJ) and niacin 
(883 μg/MJ) 
B) deficient in thiamin 
(2 μg/MJ), riboflavin 
(3 μg/MJ) and niacin 
(24 μg/MJ) 
Energy ca 13 9 MJ/day 
44 See 43 
28 A) partial restriction 
of thiamin 0 61 mg/day 
(low), 1 01 mg/day (me­
dium) or 1 81 mg/day (high) 
Energy ca 13 8 MJ/day (54 
en% carbohydrates, 11 
en% protein, 35 en% fat) 
B) acute deprivation 
with a thiamin intake 
ofO 05 mg/day Both 
diets contained other B-
complex vitamins in 
adequate amounts 
45 diet containing 38 μg/MJ 
thiamin, 26 μg/MJ ribo­
flavin and 500 μg/MJ 
niacin 
Energy ca 13 8 MJ/day 
47 0 50 mg thiamin, 0 30 mg 
riboflavin, 5 85 mg nico­
tinic acid, 23 μg folate, 
1 1 mgpyndoxine, 1 1 mg 
pantothenic acid, 1 9 μg 
biotin, 45 g protein daily 
Energy 12 6 MJ/day 
16(4X4) 
8, double-blind 
study (5 exp , 
3 contr ) 
A) 8 subjects 
(double-blind) 
B) the same 
8 subjects 
(4 exp , 4 contr ) 
Sec 43 
82 days 
10—12 weeks 
8-30 days 
2 weeks 
A) 161 days 
B) 33 days 
See 43 
A) 10 subjects A) 168 days 
low η = 4, medium 
η - 4 , high η = 2 
В) the same 
10 subjects 
7 subjects 
B) 15-27 days 
5 weeks 
7 subjects, 15—18 weeks 
complex study 
(5 exp , 2 contr ) 
decrease 
no effect 
decrease 
no effect 
A) no effect 
B)dccrcase, 
especially in 
restricted-
deficient 
subjects 
A) no effect 
B) decrease 
A) no effect 
B) decrease, 
especially in 
former low- & 
medium-intake 
subjects 
no effect 
decrease 
Table 2 (continued). 
Ref. Diet Subjects Duration of 
restriction period 
Functional 
performance* 
46 
29-31 
32 
0.95 mg riboflavin and 
0.85 mg thiamin 
Energy ca. 14.2MJ/day 
A) 0.14 and 1.34 mg 
thiamin per day 
B) 0.20,0.63 and 1.00 
mg thiamin per day 
Energy ca. 10.5 MJ/day 
restricted thiamin 
intake (0.5 mg/day) 
Energy 11.7 MJ/day 
7 subjects 
simultaneously 
A) 2X6 women 
B) 4 (0.20 mg). 
3(0.63 mg), 
3(1.00 mg) 
19 double-blind 
(10 exp., 9 contr.) 
2—5 months (thiam.) no effect 
5-7 months (ribofl.) 
A) 45 days 
B) 19 weeks 
4—5 weeks 
A) decrease 
B) decrease 
no effect 
* Functional performance includes physical performance, psychomotor performance, cognitive 
functioning or mood and personality. 
Table 3. Riboflavin depletion studies. 
Ref. 
33 
34 
35 
Diet 
restricted riboflavin intake 
(0.99 mg/day, 74 μ8/\υ) 
formulated liquid diet con­
taining less than 0.07 mg 
riboflavin per day 
Energy 11.9 MJ/day 
restricted riboflavin intake 
(0.07 mg per day) 
Subjects 
η = 6 
n = 6 
rt = 6 
Duration of 
restriction period 
3 subjects 84 days 
3 subjects 152 days 
56 days 
56 days 
Functional 
performance* 
no effect 
decrease 
no effect 
* See Table 2. 
intakes of less than 20% of the 1989 US RDAs, in both multiple B-complex and 
individual vitamin restriction (27-31, 34, 35, 43, 44). Multiple vitamin restriction 
obviously requires less time for functional performance decrements to develop. 
However, three studies in this group consisted of consecutive experiments with the 
same subjects. Therefore, previous deficient dietary regimens may have affected the 
onset and severity of functional consequences of vitamin restriction (28-31, 43, 44). 
Two experiments were preceded by periods with vitamin intakes above 40% of the 
1989 US RDAs (28, 43, 44). The vitamin intake in one preceding period was less 
than 20% of the 1989 US RDAs (29-31). 
The studies reviewed suffer from several limitations, the most serious of which is 
the small number of subjects. In addition, contrary to the wide variety of 
psychomotor tests applied, the diversity in physical performance tests was small. 
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Table 4 Vilamin С depletion studies 
Ref 
36 
37 
38, 
39 
40 
Diet 
vitamin-C-free diet 
diet inadequate in 
vitamin С and contain 
mg minimal amounts of 
B-complcx vitamins, 
other vitamins, 
energy, protein and 
minerals supplied in 
adequate amounts 
diet containing less 
than 1 mg/day ascorbic 
acid (4800 IU vitamin 
A 1 1 mg thiamin 
2 mg riboflavin, 13 
mg niacin) 
Energy 12 3MJ/day(14 
en% protein, 40 en% fat, 
47 en% carbohydrates 
liquid formula diet 
void of ascorbic acid 
but adequate in all 
other nutrients 
Energy 12 6 MJ/day (15 
en% protein, 40 cn% fat, 
45 en% carbohydrates) 
Subjects 
1 
12 subjects 
basal diet (n = 5), 
B-complex supple­
mentation (n = 5), 
B-complex supple­
mentation plus 
75-150 mg ascorbic 
acid (n = 2) 
20 subjects, 10 
unsupplcmented, 7 
supplemented with 
10 mg vitamin C, 
3 receiving 70 mg 
vitamin С daily 
(double-blind) 
5 subjects 
Duration of 
restriction period 
6 months 
7 months 
14 months 
mean duration of 
total deprivation 
240 days 
84-97 days 
(mean 88 days) 
Functional 
performance* 
decrease, 
clinical 
signs of 
deficiency 
decrease 
in both 
depletion 
groups 
no conclusive 
evidence of 
significant 
differences 
between 
groups 
decrease 
clinical 
signs of 
scurvy 
See I able 2 
Most physical performance tests studied the impact of water-soluble vitamin 
restriction on mechanical efficiency or cardiorespiratory response during submaximal 
exercise (aerobic exercise), or the impact on heavy short-duration exercise (anaerobic 
exercise), whether or not up to exhaustion Moreover, several of the reviewed studies 
were not properly controlled owing to absence of a double-blind design or of a 
control group (27, 33, 34, 41, 45, 46), thus making it difficult to discriminate 
between effects in the course of time Furthermore, most studies did not include 
biochemical confirmation of the supposed marginal deficiency or appropriate 
statistical analysis of functional consequences Because of the lack of biochemical 
confirmation in depletion studies in which functional impairment is observed, a 
relation between reference limits for normal vitamin status and loss of functional 
capacity could not be established. 
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Table 5. Functional consequences of thiamin, riboflavin and/or vitamin B-6 restriction (% of the 1989 
USRDA)(21). 
%of 
USRDA 
1989 
<20 
20-40 
>40 
Functional 
performance 
decrements 
yes 
no 
yes 
no 
yes 
no 
Single vitamin 
restriction 
weeks of 
restric­
tion 
7.8 
8 
4.5 
17.3 
number 
studies ' 
5 
1 
1 
3 
of refs. 
27-
34 
35 
32 
26, 
28, 
-31, 
33 
Combined vitamin 
restriction 
weeks of 
restric­
tion 
4.7 
16.5 
3.5 
11.7 
24.8 
number of 
studies' 
1 
1 
2 
1 
2 
refs. 
43,44 
47 
42, 45 
41 
43, 
44,46 
1
 Consecutive experiments arc considered separately. 
Rehabilitation studies (Table 6) 
A single-vitamin rehabilitation study has been conducted for riboflavin (48). Multiple-
vitamin rehabilitation studies have been executed for thiamin and riboflavin (35, 49), 
for riboflavin and vitamin B-6 (50), for riboflavin and vitamin С (51, 52), for 
thiamin, riboflavin and vitamin B-6 (53, 54), for thiamin, riboflavin and vitamin С 
(55) and for riboflavin, vitamin B-6 and vitamin С (56, 57). In some of these 
rehabilitation studies other vitamins and/or iron were involved as well (35, 49, 
52-55). All of these studies were adequately controlled through a double-blind 
design or the presence of a control group. Most rehabilitation studies on these 
vitamins were not very impressive in improving functional performance. In spite of 
the long duration of rehabilitation periods the effects on physical and psychomotor 
performance were negligible or absent, which may be attributed either to adaptation 
to inadequate vitamin intake, to the absence of functional consequences in the 
preceding period of vitamin restriction because a 'functional threshold' was not 
reached, to other undetected micronulrient deficiencies, or to the irreversibility of 
induced functional lesions. 
In conclusion, functional consequences of restricted intakes of thiamin, riboflavin, 
vitamin B-6 or vitamin С appear to depend on the extent of restriction and the 
duration of the restriction period on the one hand, and on the number of vitamins 
restricted on the other hand. 
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Table 6 Rehabilitation studies for thiamin, riboflavin, vitamin B-6 and vitamin С 
Ref 
35, 
49 
56 
57 
50 
53, 
54 
48 
55 
51 
Vitamin status/supplementation 
(sub)clinicdl thiamin, ribo­
flavin. niacin and vitamin A , 
deficiency, supplementation 
with RDAs for thiamin, ribo­
flavin, niacin, vitamin A, 
as well as iron 
subclinical ascorbic acid, 
riboflavin, pyndoxine and iron 
deficiencies, supplementation 
with 70 mg ascorbic acid, 2 mg 
nboflavm and 2 mgpyndoxine 
or a placebo daily 
subclinical ascorbic acid, 
nboflavin and pyndoxine 
deficiencies, adequate iron 
status, supplementation with 
70 mg ascorbic acid, 2 mg 
riboflavin and 2 mgpyndoxine 
or a placebo daily 
subclinical riboflavin and 
pyndoxine deficiency, supple­
mentation with either a placebo 
or 2 0 mg nboflavm or 2 0 mg 
pyndoxine six days a week 
subclinical nboflavm and 
pyndoxine deficiency, supple­
mentation with 1 mg thiamin, 
1 5 mg riboflavin, 1 5 mgpyn­
doxine, 1 5 mg niacin, 0 1 mg 
folic acid and 1 μg vitamin 
B-12, or a placebo daily 
subclinical riboflavin defi­
ciency, supplementation with 
5 mg riboflavin 
subclinical thiamin, nbo­
flavm, ascorbic acid and iron 
deficiency, supplementation 
with 300 mg ferrous sulphate, 
23 mg thiamin, 23 mg nbo­
flavm and 750 mg ascorbic acid 
or a placebo twice weekly 
subclinical riboflavin and 
ascorbic acid deficiency, 
supplementation with 15 mg 
nboflavm or 500 mg ascorbic 
acid or a placebo twice weekly 
Subjects 
10 supple­
mented, 
10 controls 
80 supple­
mented and 
66 control 
adolescents 
(double-blind) 
49 supple­
mented and 
42 control 
adolescents, 
double blind 
3 groups of 
adolescents, 
Duration 
of supple­
mentation 
3 months 
3 months 
2 months 
2 months 
pyndoxine л = 37 
riboflavin η = 38 
placebo η - 40 
56 supple­
mented, 
58 controls 
2X60 
subjects, 
double-blind 
40 subjects, 
double-blind 
(20 suppl, 
20 contr ) 
3X20 
subjects, 
double-blind 
1 year 
lycar 
10 weeks 
12 weeks 
Functional 
performance* 
increase 
increase 
increase 
increase 
increase, absence 
of clinical or 
biochemical 
changes 
increase 
significant 
reduction in the 
the energy cost 
of treadmill 
running m a more 
malnourished 
subgroup 
no effect 
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Table 6 (continued) 
Ref Vitamin status/supplementation Subjects Duration Functional 
of supple- performance* 
mentation 
52 subclinical riboflavin, ascor 3x23 9 weeks unexplained 
bic acid and iron deficiency, subjects deterioration of 
supplementation with either a mechanical 
placebo, 200 mg ferrous efficiency 
sulphate, or 5 mgnboflavin 
and 150 mg ascorbic acid 
five times weekly 
* See Table 2 
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CHAPTER 3 
Impact of combined restricted intake of 
thiamin, riboflavin and vitamins B-6 and С 
on functional performance in man 
Eric J. van der Beek, Wim van Dokkum, Jaap Schrijver, Michel Wedel, Anthony 
W.K. Gaillard, Anneke Wesstra, Henk van de Weerd and Ruud J.J. Hermus 
Abstract 
A double-blind study of combined restriction of thiamin, riboflavin and vitamins B-6 
and С was carried out with 23 healthy males. During 8 weeks of low vitamin intake, 
12 deficient subjects consumed daily a diet of normal food products, providing at 
most 34.2% of the Dutch Recommended Dietary Allowances (RDA) for thiamin, 
riboflavin, vitamin B-6 and vitamin С Other vitamins were supplemented at twice 
the RDA. Eleven control subjects consumed the same diet supplemented with twice 
the RDA for all vitamins. In deficient subjects blood vitamin levels, urinary vitamin 
excretion and erythrocytic enzyme activities decreased, and in vitro erythrocytic 
enzyme stimulation increased. Vitamin depletion had no detrimental effects on 
health, physical activity or mental performance. A decrease of 9.8% and 19.6% 
(/><0.01) was found for aerobic power (VC^-max) and onset of blood lactate 
accumulation (OBLA), respectively. 
It is concluded that a combined restricted intake of thiamin, riboflavin and 
vitamins B-6 and С causes a decrease in physical performance within a few weeks. 
Introduction 
Human functioning deteriorates with clinical deficiency, particularly of water-soluble 
vitamins. The capacity to perform physical work is obviously hindered by vitamin 
deficiencies when clinical signs of muscular weakness, poor coordination and apathy 
are present (1). In industrialized countries clinical forms of vitamin deficiencies are 
rare nowadays. However, mild to moderate biochemical vitamin deficiencies have 
been reported for certain populations (2, 3) as well as in athletes (4, 5). Functional 
consequences and health risks of such mild states of vitamin malnutrition are 
unclear. Since the early 1940s there have been reports that restricted intake of 
individual vitamins or vitamin combinations may affect physical and psychomotor 
performance, cognitive function and personality (6). Detection and quantitation of 
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such effects have proved to be difficult and the results differ in tenor. Moreover, 
many studies lacked a double-blind experimental design, statistical analysis or 
biochemical confirmation of the supposed decreased vitamin status. 
This study was designed to induce a marginal vitamin deficiency as a result of a 
diet composed of normal food products with a maximum of 30-35% of the Dutch 
Recommended Dietary Allowances (RDA) (7) for thiamin, riboflavin and vitamins B-
6 and С The potential impact of the combined marginal deficiency on physical and 
mental performance was investigated during an 8-wcek period of low vitamin intake. 
Methods 
Subjects and experimental design 
The study consisted of two consecutive experiments with 12 male volunteers each. 
The second experiment was conducted 1 year later to confirm the results of the first 
experiment and to increase the power of statistical analysis. The design of both 
double-blind experiments is presented in Fig. 1. Both 12-week experiments differed 
slightly with respect to the duration of the control and recovery periods; the period of 
low vitamin intake lasted 8 weeks in each experiment. 
Originally, 24 apparently healthy male volunteers participated: 12 deficient and 
12 control subjects. However, one control subject left the second experiment 
prematurely for personal reasons. The subjects were moderately active and were 
asked not to change their daily activity pattern. The physical characteristics at the 
start of the experiments of the volunteers are presented in Table 1. 
Subjects were randomly assigned to deficient and control groups as well as to 
housing condition. In each of the two experiments, three deficient and three control 
subjects were housed in the metabolic ward of the TNO Toxicology and Nutrition 
Institute (which has a maximum capacity of six resident participants). All other 
subjects remained in their own environment. The study was carried out in conformity 
with the rules of the Declaration of Helsinki and approved by the Institute's external 
Table 1. Characteristics of deficient and control subjects at the start of the study (mean values and 
standard deviations). 
Age (yr) 
Height (cm) 
Weight (kg) 
% body fat* 
Deficient 
mean 
23.0 
183.0 
71.0 
15.4 
group (n --
SD 
2.0 
6.6 
6.4 
4.3 
= 12) Control 
mean 
23.6 
181.2 
73.5 
16.3 
group (n = 
SD 
1.7 
6.3 
6.1 
4.8 
= 12) 
'Assessed by the skinfold method of Durnin and Womcrsley (8). 
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Fig 1 Experimental study design (double-blind) Symbols represent the various measurements in the 
respective weeks, · and о indicate the measurements in the first and second experiment respectively 
Table 2 Composition of the basal diet (mean daily values) 
Breakfast 
2 rolls of white bread spread with dietary margarine 
Cheese 
Jam 
Lunch 
4 rolls of white bread spread with dietary margarine 
Cheese 
Smoked beef 
Jam 
Peanut butter 
Dinner 
While rice 
Carrots 
Green peas 
French beans 
Dietary margarine 
Apple sauce 
Beef 
White cream or curry sauce 
Whipped cream 
Canned peaches or pears 
Allowances during the day 
Dietary margarine 
Tea (instant) for 2 cups 
Coffee (instant) for 5 cups 
Sugar 
Powdered milk 
Soft drinks 
Dutch honey cake 
Biscuits 
90 
20 
14 
180 
20 
15 
14 
10 
200 
100 
50 
150 
10 
100 
100 
100 
15 
100 
50 
0 6 
7 5 
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400 
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g 
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g 
g 
g 
g 
g 
g 
g 
g, days 1, 3, 5, 
g, days 1, 3, 5, 
g 
g days 2, 4, 6, 
g 
g 
g 
g 
g 
g 
g for 250 ml 
g for 625 ml 
g 
g 
ml 
g 
g 
etc 
etc 
etc 
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medical ethical committee Informed written consent was obtained from each 
volunteer 
Dietary methodology 
Throughout the study, a basal diet composed of normal food products was given to 
all subjects (Table 2) Dietary characteristics, derived from chemical analysis of two 
individual duplicate daily samples per experiment, are given in Table 3 For thiamin, 
riboflavin and vitamins B-6 and C, analyses indicated that the diets provided 
21.3-34 2% of the Dutch RDA for these four vitamins (9-11) (ТаЫеЗ) During the 
control period of the study, all subjects were supplemented with twice the RDA for 
all vitamins except vitamin К (Table 4) This regimen was continued in the control 
group until the end of the study The deficient subjects were supplemented with twice 
the RDA for all vitamins except for thiamin, riboflavin and vitamins B-6, С and К 
during the 8-week period of low vitamin intake (Table 4) The last weeks of the study 
served as a recovery period for the deficient subjects all vitamins were supplied al a 
level of twice the RDA Mineral and trace element supplementation were equal for 
both groups throughout the study, namely once the RDA quantity (Table 5) Dunng 
dinner the vitamin supplements were consumed under the supervision of staff 
personnel who saw to it that each subject received the correct supplement 
Blood and unne analyses 
Blood was withdrawn from an antecubital vein after an overnight fast in the weeks 
indicated in Fig 1 Whole-blood samples were used to determine thiamin status 
thiamin diphosphate concentration (ThDP) and erythrocyte transketolase (ETK) 
Tabic 3 Basal dietary characteristics 
Energy 
(MJ/d) 
(kcal/d) 
Total fat (g/d) 
Linoleic acid (en%) 
Saturated fat (en%) 
Total available carbohydrates (g/d) 
Total protein (g/d) 
Dietary fibre (NDF)2 (g/d) 
Thiamin (mg/d) 
Riboflavin (mg/d) 
Vitamin Bg (mg/d) 
Vitamin С (mg/d) 
129 
3070 
127 
10 
16 
403 
78 
17 
0 42 
0 53 
0 32 
58 
(37en%2) 
(53 en%) 
(10en%) 
(34 2% RDA2) 
(28 3% RDA) 
(21 3% RDA) 
(31 5% RDA) 
1
 Mean daily values as analysed 
2
en%. percentage of total energy, NDb, neutral detergent fibre, RDA, Dutch Recommended Dietary 
Allowances (7) 
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Table 4 Composition (mg per capsule) of the vitamin supplements ' 
1 98 
0 01 
30 
25 
4 
4 
0 006 
08 
100 
42 
20 
04 
125 
1 98 
0 01 
30 
— 
-
— 
0 006 
08 
— 
42 
20 
04 
128 
Compound Capsule 1 Capsule 2 
All-í/aní-retinyl palmitate 
Ergocalciferol 
2-ami>o-a-tocopherol 
Thiamin mononitrate 
Riboflavin 
Pyndoxine hydrochloride 
Cyanocobalamin 
Folic acid 
L-ascorbic acid 
Nicotinamide 
Calcium pantothenate 
Biotin 
Lactose 
'Total weight per capsule ca 360 mg, daily dose 1 capsule Prepared by Organon International, Oss, 
Netherlands Capsule 1 was consumed by the control group throughout the experiments, and by the 
experimental groups during the control and recovery periods Capsule 2 was consumed by the deficient 
group during the experimental period 
Table 5 Composition of the mineral and trace element supplement ' 
Mineral Daily dose (mg) 
Mg fromMgHP04 SHjO 350 
Ca ГготСаНРОд 2 ^ 0 400 
Ρ from СаНРСЬ гН^О and MgHP0 4 3 H 2 0 756 
Zn from ZnS0 4 7Н2О 15 
I ГготКІОз 0 15 
Fe ГготСдНлРеОд 10 
Cu ГготСиСОз Cu(OH)2 3 
Mn fromMnS0 4 H 2 0 5 
F from NaF 4 
Cr from СгСЦ 0 2 
Se from №2$еОз SH^O 0 2 
Mo from Na2Mo0 4 2 H 2 0 0 5 
'The daily dose consisted often 600-mg tablets (Organon International, Oss, Netherlands) The 
tablets contained polyvidon, avicel and magnesium stéarate 
activity and its in vitro stimulation by ThDP (a-ETK or activation coefficient) (12, 
13). Riboflavin status was assessed by means of flavin adenine dmucleotide (FAD) 
and erythrocyte glutathione reductase (EGR) (14, 15) Vitamin B-6 status was 
assessed by means of pyndoxal-5'-phosphate (PLP) and erythrocyte glutamic-
oxaloacetic transaminase (EGOT) activity and in vitro EGOT stimulation by PLP (a-
EGOT)(16, 17) Vitamin С status was assessed by means of the total vitamin С 
concentration in whole blood (18). 
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On the day preceding blood sampling, 24-hour urine was collected for the analysis 
of the excretion of thiamin, riboflavin and 4-pyridoxic acid (9, 19). 
Iron status was evaluated by determining the haemoglobin concentration in whole 
blood (Hb) (20). The haematocrit reading of whole blood (Hi) was determined using 
a microhaemalocrit centrifuge. The number of erythrocytes in whole blood was 
counted by the Coulter counter technique (Model ZF, Coulter Electronics, 
Harpenden, Herts, UK). Scrum ferritin was assessed by an immunoradiometric assay 
(IRMA) (21) with commercial reagents (Rameo Laboratories, Houston, TX). 
Subject activity sheet 
Each subject filled in an activity sheet daily, pertaining to physical activities, health, 
well-being, stress and hours of sleep, and recorded his weight on the activity sheet. 
Physical performance 
Physical performance was assessed in the weeks indicated in Fig. 1 and was 
quantified by means of submaximal and maximal oxygen consumption (aerobic 
power or VO^-max) (22). In addition, the onset of blood lactate accumulation 
(OBLA), i.e. the interpolated workload corresponding to 4 mmol/l blood lactate, was 
determined (23). 
To determine V02-max and OBLA the subjects performed two different 
incremental bicycle exercise tests in a randomized order on separate days. Both tests 
were administered on an electrically braked bicycle ergometer (HL-600R, Lode BV, 
Groningen, Netherlands) in the postabsorptive siale. They pedalled at a rate of 
60-80 revolutions per minute (rpm). During the tests, ventilatory and gas exchange 
variables were monitored every 30 s by an open-circuit sampling system (Oxycon-4, 
Mijnhardt BV, Bunnik, Netherlands). Gas analysers were calibrated against 
standardized gases before testing. The dry gas meter was calibrated weekly with a 3-
litre syringe (Pul-Mark 1, RNA Medical Corp, Woburn, MA). Subjects breathed 
through a low-resistance breathing valve (No. 2700, Hans Rudolph, Kansas City, 
MO). Heart rate was monitored continuously by an ECG with CM-5 lead positions. 
The test for determination of submaximal and maximal oxygen consumption 
started by having the subject stand for 4 minutes (24). After this initial period the 
subjects started cycling at a power of 50 W. The work rate was increased by 50 W 
every 4 minutes up to 150 W, and thereafter 20 W increments were given every 
minute until the subject reached exhaustion. Within 30 s after exhaustion blood for 
lactate determination was sampled from an antecubital vein. Blood was 
deproteinized with 70 ml/1 perchloric acid and lactate was analysed by an enzymatic 
method (25). Tests were considered lo be maximal if three out of four of the 
following criteria were fulfilled: blood lactate concentration > 8 mmol/l (22); 
ventilatory equivalent (VE/YO2) >30 (26), respiratory gas exchange ratio > 1.0 (27), 
and maximal heart rale within the 95% confidence interval of the age-related heart 
rate (28). 
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The OBLA test started with 3 min cycling at 50 W. The work rate was increased 
by 50 W every 3 minutes up to 150 W. Thereafter 25 W increments were given every 
3 minutes until 85-90% of the individual maximal workload was reached. During the 
OBLA test, blood was sampled from a heparinized (14.7 μg/ml) 18-gauge indwelling 
catheter (Quick-Cath, Travenol Laboratories, Castlebar, Ireland) with a three-way 
stopcock (Robinet 3 Voies, Vermed, Angers, France), which was inserted into an 
antecubital vein. Blood samples were drawn during the last 30 s of each workload 
and were handled as described above. 
Physical activity 
During 24 hours in weeks 2, 6 and 10 and at the end of the second experiment, 
physical activity was assessed simultaneously by means of a sclf-administcred diary 
(29), a heart-rate integrator (HRI)(24) and a large-scale motor-activity monitor 
(LSI) (30). Energy expenditure, assessed with the aid of the diary, was calculated by 
means of the caloric equivalents of the six-point code used (29). The relationship 
between heart rate and energy expenditure during standing as well as on the bicycle 
ergometer at 50, 100 and 150 W was used to calculate the mean 24-hour energy 
expenditure (24). For the LSI the 24-hour counts were used. 
Mental performance 
Mental performance was measured using three different tasks: a reaction lime (RT) 
task (31), a memory comparison (MC) task (32), and a letter cancellation (LC) task. 
The RT task utilized the information processing stages approach derived from the 
additive-factor method of Sternberg (33). In the computer-controlled MC task the 
number and types of targets to be retained in memory were varied so as to provide 
different memory loads. The LC task is a paper-and-pencil version of the MC task. 
To enable effects of fatigue to be assessed, a half-hour duration was chosen in both 
the RT and the MC task. Tasks were given twice on the days indicated in Fig. 1, once 
in the morning and once in the afternoon. At the end of a testing day subjective 
ratings were obtained. 
Statistical methods 
The method consisted of an analysis of variance of coefficients of fitted orthogonal 
polynomials over the period of low vitamin intake (weeks 2-10) for each individual 
(34). Estimated parameters (coefficients for linear and quadratic contrasts) were 
analysed by analysis of variance to test main effects and interactions of the factors 
treatment (control versus deficient), experiment (first versus second), and housing 
condition (internal versus external). 
The linear coefficients (slopes) indicate the linear changes of a variable over the 
period of low vitamin intake in units per week. Positive quadratic coefficients indicate 
a downward curvature of the changes in the experimental period. Negative quadratic 
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coefficients indicate an upward curvature. Tests on significance of the average linear 
and quadratic regression coefficients for the deficient and the control group were 
executed applying the pooled standard errors of these coefficients. Effects were 
considered significant when the F value exceeded the critical value corresponding 
with a significance probability of 1% because the conventional 5% significance level 
could entail too many false-positive results. For the sake of clarity, only the results of 
weeks 2, 6, and 10 are given in the tables. 
Results 
No significant differences were observed between externally and internally housed 
subjects regarding body composition, Fe status, vitamin status and physical 
performance. With the exception of OBLA, the same holds for differences between 
both experiments. 
For body composition no significant differences were observed between the 
deficient and control groups. However, a linear decrease in body weight and 
percentage of body fat was observed in the control group (P< 0.01). No significant 
differences in Fe status were found between the deficient and the control group 
(Table 6). 
For thiamin, riboflavin, and vitamins B-6 and С in blood and urine, the expected 
significant treatment effects were observed. 
Vitamin variables in blood 
Thiamin. For the linear changes in thiamin variables, significant differences were 
observed between the deficient and control groups. A decrease in ThDP and ETK 
activity and an increase in a-ETK were observed in the deficient group whereas no 
changes were observed in the control group (Table 7). The mean values and SEMs of 
both the deficient and the control groups at the start (week 2), after 4 weeks (week 
6), and at the end of the period of low vitamin intake (week 10) are stated in Table 7. 
Table 6. Iron status in 12 deficient and 11 control subjects (x ± SEM). 
Hb(mmol/l) 
Deficient 
Control 
Ht 
Deficient 
Control 
Ferritin (ng/ml) 
Deficient 
Control 
Week 2 
mean 
-
— 
— 
-
47.3(8.9) 
61.4(13.0) 
Week 6 
mean 
8.9 ± 0.1 
8.9 ± 0.2 
0.43 ± 0.01 
0.44 ± 0.01 
52.3 ± 10.0 
63.8 ± 10.8 
Week 10 
mean 
8.7 ± 0.1 
8.8 ± 0.2 
0.43 ± 0.01 
0.44 ± 0.01 
49.0 ± 8.7 
52.9 ± 8.0 
Slope 
-0.05 ± 0.02 
-0.03 ± 0.02 
0.000 ± 0.001 
0.000 ± 0.001 
0.40 ± 0.45 
-0.72 ± 0.78 
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Table 7. Vitamins in blood in 12 deficient and 11 control subjects (χ ± SEM). 
Week 2 Week 6 Week 10 Slope 
mean mean mean 
ThDP (nmol/1) 
Deficient 
Control 
127 ± 6 
138 ± 6 
ETK activity (U/mmol Hb) 
Deficient 
Control 
a-ETK 
Deficient 
Control 
FAD (nmol/1) 
Deficient 
Control 
11.0 ± 0.6 
11.7 ± 0.6 
1.07 ± 0.01 
1.07 ± 0.02 
314 ± 12 
327 ± 14 
EGR activity (U/mmol Hb) 
Deficient 
Control 
a-EGR 
Deficient 
Control 
PLP (nmol/1) 
Deficient 
Control 
113 ± 3 
113 ± 8 
1.04 ± 0.02 
1.05 ± 0.04 
102 ± 5 
118 ± 5 
EGOT activity (U/mmol Hb) 
Deficient 
Control 
a-EGOT 
Deficient 
Control 
Vitamin С ( mo 
Deficient 
Control 
73 ± 4 
72 ± 4 
1.88 ± 0.05 
1.83 ± 0.03 
ІЛ) 
28.5 ± 2.6 
35.6 ± 2.3 
92 ± 5 
140 ± 6 
8.4 ± 0.5 
12.7 ± 0.6 
1.30 ± 0.03 
1.10 ± 0.01 
261 ± 10 
327 ± 13 
78 ± 3 
112 ± 7 
1.37 ± 0.05 
1.08 ± 0.07 
49 ± 2 
104 ± 5 
60 ± 3 
72 ± 4 
2.13 ± 0.05 
1.85 ± 0.05 
8.8 ± 1.0 
31.6 ± 2.9 
78 ± 5 
140 ± 7 
6.5 ± 0.4 
11.8 ± 0.5 
1.27 ± 0.03 
1.04 ± 0.01 
250 ± 10 
314 ± 14 
73 ± 3 
117 ± 8 
1.46 ± 0.05 
0.97 ± 0.05 
38 ± 2 
103 ± 5 
46 ± 3 
73 ± 5 
2.56 ± 0.09 
1.81 ± 0.06 
7.9 ± 0.9 
42.0 ± 3.0 
-5.9 
0.0 
-0.57 
0.01 
0.027 
-0.002 
-7.9 
1.5 
-4.5 
1.0 
0.054 
-0.008 
-6.9 
-1.4 
-3.4 
-0.2 
0.088 
0.001 
-2.27 
1.07 
± 0.4* + 
± 0.6 
+ 0.04* + 
± 0.03 
± 0.006* + 
± 0.002 
± 1.4* + 
± 2.2 
* . 
± 0 . 3 / 
± 0.4 
± 0.004*+ 
± 0.003 
±0.4* + 
± 0.6* 
± 0 . 3 * + 
± 0.4 
± 0.008*+ 
± 0.006 
± 0.29* + 
± 0.27 
*Slope significantly different from 0 (P< 0.01). 
+
 Significant difference in slopes between deficient and control subjects (P< 0.01 ). 
In addition, the slopes (average change per week) and their SEMs are presented for 
each variable. A negative quadratic component for a-ETK was found in the deficient 
group (P< 0.01), indicating stabilization in the second half of the period of low 
vitamin intake after an initial increase. 
Riboflavin. For the linear changes in riboflavin variables, significant differences were 
observed between the deficient and the control groups. A decrease in FAD 
concentration and EGR activity and an increase in a-EGR were observed in the 
deficient group (Table 7). The EGR activity of the control group showed an increase. 
A positive quadratic component for EGR activity (P<0.01) was observed in the 
deficient group, indicating stabilization after an initial decrease. 
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Vitamin B-6 For the linear changes in vitamin B-6 variables, significant differences 
were observed between the deficient and the control groups A decrease in PLP 
concentration and EGOT activity and an increase in a-EGOT were observed in the 
deficient group A significant although small decrease in PLP concentration was also 
observed in the control group (Table 7) A positive quadratic component for a-
EGOT (P < 0 01) was observed in the deficient group, indicating a stronger than 
linear increase in the second half of the penod of low vitamin intake 
Vitamin С The linear changes in vitamin С were significantly different between the 
deficient and the control groups The whole-blood vitamin С concentration showed a 
decrease in the deficient group and an increase in the control group (Table 7) A 
positive quadratic component was observed in the deficient group ( P < 0 01), 
indicating stabilization after an initial decrease 
Vitamin excretion with the unne 
The linear changes in the excretion of thiamin, riboflavin and 4-pyridoxic acid 
differed significantly between the control and the deficient groups The excretion of 
thiamin, riboflavin and 4-pyridoxic acid showed a decrease in the deficient group 
(Table 8) In the deficient group a positive quadratic component was observed for 
Tabic 8 Urinary vitamin excretion for 12 deficient and 11 control subjects (x ± SEM) 
Thiamin 
Deficient (mg/24h) 
Control (mg/24h) 
Deficient (μπιοΜ) 
Control (μιτιοΙΛΙ) 
Riboflavin 
Deficient (mg/24W 
Control (mg/24h) 
Deficient (μπιοΐ/α) 
Control (μπιοΙΜ) 
4 Pyndaxic and 
Deficient (mg/24h) 
Control (mg/24h) 
Deficient (μιποΐ/α) 
Control (μπιοΙ/d) 
Week 2 
mean 
0 39 ± 0 05 
0 30 ± 0 04 
1 16 ± 0 15 
0 89 ± 0 12 
1 62 ± 0 15 
1 91 ± 0 30 
4 31 ± 0 40 
5 08 ± 0 80 
212 ± 0 17 
2 37 ± 0 25 
11 58 ± 0 93 
12 94 ± 1 37 
Week 6 
mean 
0 02 ± 0 00 
0 36 ± 0 05 
0 06 ± 0 00 
1 07 ± 0 15 
0 05 ± 0 02 
2 05 ± 0 22 
0 13 ± 0 05 
5 45 ± 0 59 
0 25 ± 0 02 
2 65 ± 0 23 
1 37 ± 0 11 
14 47 ± 1 26 
Week 10 
mean 
0 03 ± 
0 36 ± 
0 09 + 
1 07 ± 
0 15 ± 
1 76 ± 
0 40 ± 
4 68 ± 
0 21 ± 
2 34 ± 
1 15 ± 
12 78 ± 
0 01 
0 07 
0 03 
0 21 
0 12 
0 23 
0 32 
061 
0 02 
0 33 
011 
1 80 
Slope 
-0 030 ± 0 004* + 
0 010 ± 0 006 
-0 089 ± 0 012* + 
0 030 ± 0 018 
-0 091 ± 0 009* + 
-0 009 ± 0 015 
-0 242 ± 0 024* + 
-0 024 ± 0 040 
-0 097 ± 0 005* + 
-0 004 ± 0 012 
-0 530 ± 0 027* + 
-0 022 ± 0 066 
Slope significantly different from zero (P< 0 01 ) 
+
 Significant difference in slopes between deficient and control subjects (P<0 01) 
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thiamin, riboflavin and 4-pyndoxic aad (P<0 01), indicating stabilization of urinary 
excretion after an initial decrease 
During the recovery period, all biochemical vitamin status variables almost 
reached initial values in the deficient group 
Physical performance 
Submaximal performance For the linear changes in the respiration and gas-exchange 
responses, no significant differences were observed between the deficient and the 
control groups The same holds for heart rate recorded during standing and during 
bicycle exercise at 50, 100 and 150 W 
Maximal performance For aerobic power and maximal workload, the two groups of 
subjects differed at the start of the period of low vitamin intake {P < 0 01) (Table 9) 
For the linear changes in aerobic power (VC^-max), significant differences were 
observed between the deficient and control groups Maximal workload (W-max) 
showed the same pattern as observed for aerobic power, but the difference between 
the deficient and the control groups did not reach the level of significance {P = 
0 02) However, a decrease of 4 W per week was observed in the deficient group For 
changes in maximal heart rate and blood lactate concentration, no significant 
differences were observed between the deficient and the control groups The same 
holds for the maximal respiratory gas-exchange ratio and the ventilatory equivalents 
Onset of blood lactate accumulation The OBLA results are presented in Fig 2 and 
Table 10 The change over time is presented as percentage ot the values obtained in 
Table 9 Maximal performance of 12 deficient and 11 control subjects (x ± SEM) 
Week 2 Week 6 Week 10 Slope 
mean mean mean 
vu2-maxu/niinj 
Deficient Control 
W-max (W) 
Deficient 
Control 
Heart rate (beats/m 
Deficient 
Control 
3 50 ± 0 10 
3 83 ± 0 08 
303 ± 11 
337 ± 8 
in) 
185 ± 2 
192 ± 2 
Blood lactate concentration (mmol/1) 
Deficient 11 74 ± 0 74 
Control 11 94 ± 0 44 
3 46 ± 0 09 
3 84 ± 0 08 
300 ± 11 
337 ± 8 
185 ± 2 
192 ± 2 
12 02 ± 0 88 
11 40 ± 0 71 
3 16 ± 0 13 
3 77 + 0 07 
276 ± 15 
332 ± 9 
186 ± 3 
191 ± 1 
10 90 ± 0 82 
10 66 + 0 63 
-0 050 
-0 007 
-4 0 
-1 1 
0 2 
0 1 
-0 149 
-0 133 
+ ο ο ι Γ + 
± 0 007 
± ι Γ 
± 0 8 
± 0 7 
± 0 7 
± 0 081 
+ 0 118 
* 
Slope significantly different from zero {P< 0 01) 
+
 Significant difference in slopes between deficient and control subjects (ƒ'< 0 01 ) 
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Fig. 2. Proportional change of onset of blood lactate accumulation (OBLA) compared with the start of 
the period of low vitamin intake (week 2). Symbols represent mean values ( · and О indicate control 
and deficient subjects respectively in the first experiment; • and α indicate control and deficient 
subjects respectively in the second experiment.) 
the second week of the study (the start of the period of low vitamin intake). The 
linear changes differed significantly between the deficient and the control groups, but 
not to the same extent in both studies (treatment χ experiment interaction; /'<0.01) 
(Fig. 2). The linear changes in O^ consumption at the OBLA level (YC^-OBLA) 
differed significantly between the deficient and the control groups. The O2 
consumption at OBLA level decreased significantly in the deficient group. However, 
expressed as a percentage of aerobic power (%V02-max) differences between the 
deficient and the control groups were not observed, nor were any changes found 
within these groups. Furthermore, the linear changes in carbon dioxide production at 
the OBLA level (VCO2-OBLA) differed significantly between the deficient and the 
control groups. 
CO2 production at OBLA level decreased in the deficient group. Although the 
changes in VEAO2 did not differ significantly between the deficient and the control 
groups, this ratio increased in the deficient group. 
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Table 10. OBLA and related variables for 12 deficient and 11 control subjects (x ± SEM). 
Week 2 Week 6 Week 10 Slope 
mean mean mean 
OBLA (W) 
Deficient 185 ± 9 
Control 207 ± 9 
VO2-OBLA (I/min) 
Deficient 2.40 ± 0.10 
Control 2.70 ±0.13 
V02-OBLA/V02-max (%) 
Deficient 68.3 ± 1.7 
Control 71.2 ± 2.8 
VCOj-OBLA (1/min) 
Deficient 2.30 ± 0.09 
Control 2.53 ± 0.12 
YE/VO2 
Deficient 26.3 ± 0.7 
Control 24.4 ± 0 . 6 
Heart rate (beats/min) 
Deficient 157 ± 3 
Control 166 ± 4 
174 ± 8 
210 ± 7 
2.28 ± 0.09 
2.81 ± 0.09 
66.1 ± 2.0 
73.3 ± 2.4 
2.17 ± 0.07 
2.63 ± 0.08 
26.7 ± 0.7 
24.1 ± 0.8 
154 ± 3 
169 ± 4 
149 ± 11 
213 ± 10 
2.03 ± 0 . 1 1 
2.83 ± 0.12 
64.6 ± 2.2 
75.1 ± 2.6 
1.98 ± 0.10 
2.70 ±0.11 
28.3 ± 0.7 
25.1 ± 0.8 
149 ± 4 
169 ± 4 
- 6 . 8 ± 1 . 4 * + # 
0.5 ± 1.9 
-0.074 ±0.018' 
0.020 ± 0.026 
-0.66 ± 0.47 
0.65 ± 0.63 
-0.065 ± 0.017' 
0.029 ± 0.028 
0.43 ± 0.07* 
0.19 ± 0.12 
-0.9 ± 0.6 
0.5 ± 1.0 
Slope significantly different from zero (P< 0.01). 
Significant difference in slopes between deficient and control subjects (P< 0.01). 
*Treatment x experiment interaction described in the text. 
For the other gas-exchange variables and heart rate, no differences were found 
between the deficient and the control groups, nor were significant changes found 
within these groups. 
During the recovery period, all physical performance variables almost returned to 
initial values in the deficient group-
Mental performance 
In general, no clear effects of vitamin deficiency were found in any of the three tasks 
used. The RTs in the RT task improved during the period of low vitamin intake, but 
at the cost of more errors. This pattern was similar for the deficient and the control 
groups. The RTs in the MC task also improved. In both studies this improvement 
tended to be stronger in the deficient than in the control group. However, the group 
χ week interaction was not significant. The deficient group made more errors. So, the 
deficient group displayed a more risky behaviour (faster reactions and more errors) 
but its performance efficiency was similar to that in the control group. The time 
needed to complete each sheet in the LC task decreased as well. This improvement 
was more evident in the control group than in the deficient group. However, the 
control group also made fewer errors (P< 0.01). 
The results obtained with the subjective rating scales showed hardly any 
differences between the two groups. 
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Physical activity 
For the HRI method no significant differences between the deficient and the control 
groups were observed, nor were any significant changes in time found within these 
groups. For the diary results the calculated energy expenditure in the control group 
was not significantly higher during the whole experiment than in the deficient group. 
No significant changes within these groups were observed. 
Subjective activity assessment 
All subjects had a constant sleeping pattern during the study (mean 7 hours per 
night). In almost all cases health and well-being were recorded by the volunteers as 
good and normal. No clinical signs of vitamin deficiency were observed. The 
volunteers showed an almost constant physical-activity pattern throughout the study. 
Discussion 
This study demonstrates that a state of depletion of thiamin, riboflavin and vitamins 
B-6 and С can be induced by a diet composed of normal food products within 8 
weeks. Within 3 -6 weeks deterioration of the vitamin status was indicated by a 
decreased vitamin concentration in blood, decreased erythrocytic enzyme activities, 
elevation of stimulation tests of these enzymes, and lower vitamin excretion in the 
urine. However, no vitamin-specific clinical signs and symptoms of deficiency were 
observed. The levels of a number of variables in blood and urine appeared to 
stabilize after an initial period of increase or decrease, suggesting a steady state had 
been reached in the period of low vitamin intake. 
When differences in energy intake are taken into account, the thiamin and/or 
riboflavin intake was comparable with some other studies (35-38). One study showed 
a comparable thiamin intake but a higher riboflavin intake (39). With respect to 
single riboflavin depletion, our dietary riboflavin content took an intermediate 
position (1, 40). The vitamin B-6 content of our diet was considerably lower than in 
one of the earlier studies (37). The vitamin С content of our diet was higher than in 
studies on experimental human scurvy (41-44). 
The deficient ThDP and a-EGR levels in a deficient and a control subject, 
respectively, who were irresponsive to supplementation in the control period 
suggested a normal physiological condition. 
Although all biochemical vitamin status variables changed in the period of low 
vitamin intake, the degree and rapidity in developing vitamin depletion varied. 
Several deficient subjects did not reach deficient values at all (ThDP 33%, ETK 8%, 
a-ETK 42%; FAD 67%, EGR 17%, a-EGR 42%; EGOT 33%, a-EGOT 8%). All 
subjects reached deficient PLP and vitamin С levels. At the start of the experiment, 
there was a tendency for coenzyme and enzyme levels to be lower for those who 
subsequently reached deficient values than for those who did not. Such a tendency 
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was not observed for activation coefficients. Despite these inconsistencies, the 
decrease in urinary excretion of thiamin, riboflavin and 4-pyridoxic acid provided 
clear evidence for adherence to the diet by all subjects. Moreover, the urinary 
excretion data confirmed the results of other depletion studies in man (35-39). The 
same holds for ETK and σ-ΕΤΚ values in blood (38). The vitamin status variables 
used in the experiment show that the application of cut-off values is not always 
satisfactory in estimating the prevalence of vitamin deficiency. 
The absence of significant changes in VO2 in the experimental group during 
submaximal exercise indicates that the mechanical efficiency remained constant 
during the period of low vitamin intake. Decreased efficiency was observed in a few 
studies (45-47). However, the vitamin intake in these studies was lower (47) or not 
measured (45, 46). In studies with an equivalent vitamin intake the mechanical 
efficiency was not measured (35-39). 
Despite a mean decrease in aerobic power of 9.8% during the period of low 
vitamin intake, the individual response in deficient subjects varied from -25.3% to 
+ 3.1%. No significant correlation was found between the magnitude of decrease in 
aerobic power and biochemical indicators of vitamin and iron status. Moreover, both 
the deficient and the control subjects did not change their daily activity patterns 
during the study. Consequently, physical-activity differences are unlikely to have 
corrected the detrimental effects of vitamin deficiencies and to be responsible for the 
differences in aerobic power decrease. In other studies, comparable with respect to 
vitamin nutriture, physical-performance assessment consisted mostly of submaximal 
and/or anaerobic work tests. An incremental bicycle exercise test was applied in only 
one study (38). Decrease of performance was observed in a study with a experimental 
period of 15-18 weeks (37). In other shorter studies no effect was observed (35, 36, 
38) with the exception of a 23-week study (39). However, the higher riboflavin intake 
in the latter experiment suggests an additional performance-decreasing effect of low 
riboflavin intake. Time seems to be an important contributory factor in the 
manifestation of vitamin deficiencies as suggested earlier (48). Although no 
comparable vitamin C-depletion studies are available, it was reported recently that 
rehabilitation of subclinical vitamin C, riboflavin and vitamin B-6 deficiencies was 
associated with an increase in aerobic power (49); the increase in aerobic power was 
associated with an increase in plasma vitamin С levels. However, the results of this 
study were biased by a concomitant increase in the indicators of the Fe status. A 
second study, however, showed an isolated effect of vitamin С supplementation (50). 
A mean decrease in OBLA of 19.6% was observed during the period of low 
vitamin intake, the individual response in the deficient subjects varying from -38.7% 
to + 11.6%. In spite of decreased vitamin levels, two subjects showed higher OBLA 
values on subsequent measuring moments than at the start of the period of low 
vitamin intake. Nevertheless, one of them reached considerably lower values at the 
end of the period of low vitamin intake. The other one remained constantly at higher 
values and could be qualified as a non-responder. This subject was also a non-
responder with respect to aerobic power. No correlation was observed between the 
magnitude of OBLA decrease and biochemical indicators of vitamin and iron status. 
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The treatment χ experiment interaction in the analysis of OBLA is caused by the 
difference in behaviour of the control groups in the two experiments of the study 
(Fig. 2). The opposite behavior of both control groups could not be explained by 
differences in physical activity. Its cause remains obscure. 
As far as we know, OBLA has not been assessed before in vitamin depletion 
studies. However, as long as 40 years ago the venous blood lactate rise after an oral 
glucose load and submaximal exercise was considered to be an early sign of thiamin 
deficiency (51, 52). 
The question arises as to why deficiency in the vitamins studied does decrease 
aerobic power and OBLA. Thiamin, riboflavin and vitamins B-6 and С play various 
roles in energy metabolism. As a coenzyme, thiamin diphosphate is involved in the 
tricarboxylate cycle enzyme complexes pyruvate dehydrogenase and a-ketoglutarate 
dehydrogenase (53). Pyruvate dehydrogenase catalyses the decarboxylation of 
pyruvate to acetyl-CoA, initiating the aerobic oxidation of pyruvate in the 
tricarboxylate cycle. FAD functions as a coenzyme in various oxidation-reduction 
reactions, most notably with succinic dehydrogenase, which links the tricarboxylate 
cycle directly to oxidative phosphorylation, and with acyl-CoA-dehydrogenase of 
fatty acid oxidation (54, 55). FMN is required for the synthesis of fatty acids from 
acetate (54). Thus, riboflavin is necessary for both degradation and synthesis of fatty 
acids. Moreover, FAD is involved in both pyruvate dehydrogenase and a-
ketoglutarate dehydrogenase complexes (53). Pyridoxal-5'-phosphate, the co-factor 
form of vitamin B-6, plays an important role in amino acid metabolism (53) and is 
essential to glycogen Phosphorylase (55), but its role in the latter is probably not of a 
catalytic nature. Ascorbic acid is involved in carnitine biosynthesis. Carnitine 
promotes the oxidation of fatty acids by facilitating their transfer across the 
mitochondrial membrane into the mitochondrial compartment (54). Carnitine, as an 
acceptor of acyl groups from acyl-CoA, increases the availability of free CoA, thereby 
prompting the flux of substrates along the tricarboxylate cycle (56). 
Because of the roles of the vitamins mentioned, an adequate status contributes to 
the utilization of fatty acids during exercise, which conserves glycogen for anaerobic 
work. In other words, a decreased availability of these vitamins may have a greater 
impact on OBLA than on aerobic power. Because OBLA and other lactate-related 
variables have been described as critical determinants of endurance performance 
(57), our experiences seem to support this hypothesis. The decrease of OBLA in the 
deficient group may be the result of decreased functioning of enzymes of the energy 
metabolism, which may alter the substrate availability and the cell redox state leading 
to an increase of the lactate level (58-60). 
Although a clear influence of restricted vitamin intake on physical performance 
was observed, no such influence on mental performance could be detected within the 
8-week period of low vitamin intake. In comparable depletion studies the Minnesota 
Multiphasic Psychological Inventory was sometimes used; in one of these studies 
changes were observed (37). 
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From the results of our study the following conclusions can be drawn A mixed diet 
with a thiamin, riboflavin and vitamins B-6 and С intake of < 34 2% of the Dutch 
RDA can be realized by selecting habitual food products Such a dietary pattern may 
have consequences for the vitamin status after 4-6 weeks A marginal vitamin status 
of these vitamins (in combination) as assessed by biochemical criteria causes a 
decrease in physical performance (VC^-max and OBLA) within a short period of 
time Although the individual response vaned widely, no correlation was observed 
between biochemical indicators of vitamin and iron status and the magnitude of 
decrease of physical performance It is suggested that the main cause of the observed 
decrease in physical performance is due to an altered cell redox state Obviously, 
these metabolic disturbances do not affect cognitive functioning within an 8-week 
period of low vitamin intake 
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CHAPTER 4 
Controlled vitamin С restriction and 
physical performance in volunteers 
Eric J. van der Beek, Wim van Dokkum, Jaap Schrijver, Anneke Wesstra, 
Cor Kistemaker and Ruud J J. Hermus 
Abstract 
A double-blind study on the effects of vitamin С restriction on physical performance 
was executed with 12 healthy men. During 7 weeks of low vitamin С intake 6 subjects 
were on a daily diet of regular food products, providing 20% of the Dutch 
Recommended Dietary Allowances (RDA) for vitamin С (the Dutch RDA is 50 
mg/day). Other vitamins were supplemented at twice the RDA level. After 3 weeks 
of low vitamin intake an additional vitamin С dose of 15 mg/day was provided, 
resulting in a total intake of 25 mg/day (50% of the Dutch RDA). Six control subjects 
consumed the same diet supplemented with twice the RDA for all vitamins. In the 
restriction group blood vitamin С levels decreased significantly {P< 0.01). Vitamin С 
restriction had no harmful effects on health, aerobic power (YC^-max) or onset of 
blood lactate accumulation (OBLA). However, an increased heart rate at 
OBLA level was observed during the period of low vitamin С intake (P<0.05), 
possibly by interference with either catecholamine or carnitine metabolism. These 
results suggest that short-term marginal vitamin С deficiency does not affect physical 
performance in single bouts of intensive exercise. 
Introduction 
Recently we reported that a combined marginally deficient status of thiamin, 
riboflavin, vitamin B-6 and vitamin С is associated with a decrease in aerobic power 
(V02-max) and onset of blood lactate accumulation (OBLA) (1). Marginal 
deficiency is characterized by vitamin levels in blood below reference limits without 
any vitamin-specific clinical signs and symptoms of deficiency (2). The respective 
vitamins perform essential functions in substrate utilization for energy production. 
However, little is known about the relative contribution of each individual vitamin to 
the detrimental effect of a combined marginal deficiency. With respect to vitamin C, 
most studies on experimental human scurvy have shown a decrease of physical 
working capacity (3, 4, 5), although a double-blind study could not confirm this effect 
(6). Frank scurvy is an unusual health problem in Western society, but substantial 
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population groups are marginally deficient for vitamin С (7, 8) Rehabilitation of 
marginal vitamin С deficiency has been shown to be associated with an increase of 
aerobic power as predicted from heart rate at submaximal workload, using the 
Astrand-Rhyming nomogram (9, 10) The underlying mechanisms by which 
vitamin С deficiency affects physical working capacity has not been elucidated yet 
The present study was designed to test the hypothesis that marginal vitamin С 
deficiency is associated with a decrease of physical performance (aerobic power and 
onset of blood lactate accumulation), apart from which the health status remains 
satisfactory We examined the decrease in vitamin С status to marginal or deficient 
levels as a result of a vitamin С deficient diet composed of normal food products 
Methods 
Subjects and experimental design 
This report presents the results of a 13-week double-blind study of 12 apparently 
healthy men consuming diets providing a low vitamin С supply for 7 weeks 
(experimental period), preceded by a 3-week introductory period of vitamin С 
supplementation and followed by a 3-week concluding period of vitamin С repletion 
All subjects were moderately active and were asked not to change their daily activity 
pattern during the experiment Table 1 lists some characteristics of the subjects 
Subjects were matched for whole-blood vitamin С concentration and aerobic 
power (V02-max) They were randomly assigned to a restriction group (n = 6) and a 
control group (n = 6) and to accommodation Because of restricted accommodation 
for resident participants, only six subjects (three from the restriction group and three 
from the control group) could be housed in the metabolic ward of the TNO 
Toxicology and Nutrition Institute The other 6 subjects remained in their own 
environment 
Table 1 Characteristics of the restriction and the control group at the start of the experiment 
Age (yr) 
Height (cm) 
Weight (kg) 
Sum of 4 skm 
Body fat (%)" 
Fat free mass 
VO-rmax(l/i 
folds (mm)* 
(kg) 
mm) 
Vitamin С (μ,πιοΐ/ΐ blood) 
Restriction group (n --
mean 
24 7 
184 5 
77 6 
47 2 
17 8 
63 6 
3 83 
46 3 
SD 
1 5 
8 9 
9 5 
12 7 
3 2 
7 1 
0 32 
14 4 
= 6) Control 
mean 
24 8 
182 5 
72 8 
39 6 
1 5 6 
61 4 
3 71 
48 2 
group (n = 6) 
SD 
1 3 
5 1 
4 0 
11 8 
3 9 
2 4 
0 32 
1 0 6 
* Assessed by the skinfold method ot Durmn and Womerslcy (47) 
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Since there were no differences in the variables measured between externally and 
internally living subjects, the results were pooled. 
The experiment was carried out in conformity with the rules of the Declaration of 
Helsinki and approved by the Institute's external medical ethical committee. 
Informed written consent was obtained from each volunteer. 
Dietary methodology 
In the first two weeks of the 3-week introductory period (weeks -3 through -1) all 
subjects consumed their habitual diet, supplemented with a vitamin С dose equal to 
Table 2. Composition (g or ml) of the experimental diet1 (mean daily values). 
Breakfast 
2 rolls of brown bread 90 
cheese 15 
jam 30 
Lunch 
i rolls of brown bread 180 
fricandeau 15 
smoked beef 15 
jam 30 
peanut butter 15 
Dinner 
white rice 200 
minced meat with sauce 215 
low-fat yoghurt with fruit 150 
Allowances during the day 
dietary margarine 50 
coffee or tea (instant), 7 cups 875 
sugar 28 
powdered milk 12 
soft drinks, 2 cans 400 
drinking chocolate 250 
candy bars 42 
biscuits 25 
vitamin supplement2 
mineral/trace element supplement3 
1
 Composition of the experimental diet: 13.0 MJ energy; 37 en% fat; 51 en% carbohydrate; 12 en% 
protein; 9.9 mg vitamin С (en% is percentage of total energy intake). 
Composition of the vitamin supplements: 1700 μg vitamin A; 10 μg vitamin Do; 30 IU vitamin E; 2.6 
mg thiamin; 4.0 mg vitamin Bg; 6.0 μg vitamin B ^ ; 800 μg folic acid; 36 mg niacin; 14 mg pantothenic 
acid; 400 μg biotin. Vitamin C: control group 100 mg; restriction group 100 mg (week —1), 
0 mg (weeks 1-3), 15 mg (weeks 4-7), 100 mg (weeks 8-10). 
Composition of the mineral and trace element supplement: as described previously (1). 
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the Dutch RDA level (50 mg/d). To get accustomed to the experimental diet all 
subjects received that diet in the last week of the introductory period (week -1 ). The 
experimental diet was composed of common food products and was consumed 
during the remaining part of the experiment. The composition of this diet is 
presented in Table 2. The dietary characteristics, based on chemical analysis of three 
daily samples, are given in a footnote to Table 2. The energy content of the 
experimental diet was adjusted to the mean energy requirement of the study 
population derived from a dietary history obtained before the experiment. 
Aliquots of six diets, kept apart for the analysis of vitamin С in the course of the 
experiment (11), indicated that the diet provided on the average 9.9 mg (SD 1.4 mg) 
vitamin С per day, or 20% of the Dutch RDA, which was substantially more than 
calculated originally (1.7 mg). 
During the last week of the introductory period all subjects were supplemented 
with twice the RDA for all vitamins except vitamin K. This vitamin dosage was 
chosen to be sure that no other vitamin deficiency could confound the results. This 
regimen was maintained in the control group until the end of the experiment. In the 
first 3 weeks of the period of low vitamin С intake (weeks 1-3) the experimental diet 
of the restriction group was supplemented with twice the RDA for all vitamins except 
vitamin С and vitamin K. To prevent too much depletion of vitamin C, in the 
subsequent 4 weeks (weeks 4-7) an additional 15 mg vitamin С per day was provided 
(total intake 25 mg/d or 50% of the Dutch RDA) (Table 2). In the 3-wcek 
concluding period (weeks 8-10) the restriction group received a vitamin С dose equal 
to twice the Dutch RDA level (100 mg/d). Mineral and trace element 
supplementations were equal for both groups throughout the experiment, i.e. once 
the RDA (Table 2). Vitamin supplements were consumed during dinner under 
supervision, so as to ensure that each subject received the correct supplement. 
Blood analyses 
Blood was withdrawn from an antecubital vein after an overnight fast at the start of 
the experimental period (week 0) and in weeks 3, 7 and 10. Vitamin С status was 
assessed by measuring the total vitamin С concentration in whole blood (12). A cut­
off level - presumed to mark deficiency - of 20 μιηοΐ per litre blood was used. The 
iron status was evaluated by determining the haemoglobin (Hb) concentration, the 
haematocrit (Ht) reading, and the number of erythrocytes in whole blood by using a 
semi-automatic haematology analyser (Sysmex CC-180, Toa Medical Electronics, 
Kobe, Japan); serum ferritin was assessed by an IRMA (immunoradiometric assay) 
method (13), with commercial reagents (Rameo Laboratories, Houston, TX). 
Subject health and activity sheet 
Each subject completed a health and activity sheet daily, pertaining to physical 
activities, health, well-being, body weight, stress and hours of sleep. 
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Physical performance 
Physical performance, assessed at times of blood sampling, was quantified by 
measuring aerobic power (YC^-max) (14,15,16) and the onset of blood lactate 
accumulation (OBLA) (17), defined as the power output corresponding to a level of 
4 mmol lactate per litre whole blood. 
Aerobic power and OBLA were determined by means of an incremental exercise 
test in the post-absorptive stage on an electrically braked bicycle ergometer 
(Lode-HL-6ooR; Lode, Groningen, Netherlands). The subjects started cycling at 
50 W and pedalled at a rate of 60-80 revolutions per minute (rpm). The work rate 
was increased by 50 W after 2 minutes, and thereafter 25 W increments were given 
every 2 minutes until exhaustion. At the end of each step the rating of perceived 
exertion (RPE) was measured on a 15-point scale (18). During the test, ventilatory 
and gas exchange parameters were monitored every 30 seconds by an open-circuit 
sampling system (Oxycon-4, Mijnhardt, Bunnik, Netherlands). The gas analysers 
were calibrated against standardized gases prior to testing; the dry gas meter was 
calibrated once weekly with a 3-litre syringe (Pul Mark 1, RNA Medical Corp, 
Woburn, MA, USA). Subjects breathed through a low-resistance breathing valve 
(No. 2700, Hans Rudolph, Kansas City, MO). Heart rate was continuously 
monitored by an ECG with CM-5 lead positions. If desired, facial cooling was 
applied by means of a fan. As cooling may affect heart frequency (19), each subject 
had to choose during the first exercise test whether or not to use the ventilator during 
the study. During the test blood was sampled from a heparinized (12.5 U/5 ml) 
18-gauge indwelling catheter (Quick-Cath, Travenol Laboratories, Castlebar, 
Ireland) with a three-way stopcock (Robinet 3 Voies, Vermed, Angers, France) 
which was inserted into an antecubital vein. Blood samples were drawn during the 
last 30 seconds of each exercise step. The blood was deprotcinized with 7% (v/v) 
perchloric acid, and the blood lactate concentration was determined by an enzymatic 
method (20). 
The exercise effort was considered maximal if 3 out of 4 of the following criteria 
were fulfilled: a lactate concentration in the blood of at least 8 mmol/1 (14); a 
ventilatory equivalent (VE/VO2) above 30 (21); a respiratory gas exchange ratio 
(RER) over 1.0 (22); and a heart rate within the 95% confidence interval of the 
age-related heart rate at maximum workload (23). 
Statistical methods 
The method used consisted in an analysis of variance of coefficients of fitted 
orthogonal polynomials over the experimental period (weeks 1 through 7) for each 
individual (24). The estimated parameters (coefficients for linear and quadratic 
contrasts) were analysed using analysis of variance to test main effects and 
interactions of the factors treatment (control, restriction) and accommodation 
(external, internal). The linear coefficients indicate the linear changes of a variable 
over the period of low vitamin intake in units per week. Positive quadratic 
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coefficients indicate a downward curvature in the experimental period, whereas 
negative quadratic coefficients indicate an upward curvature Tests on the 
significance of the average linear and quadratic regression coefficients for the 
restriction group and the control group were executed applying the pooled standard 
errors of the coefficients Effects were noted when the F value exceeded the critical 
value corresponding to a significance level of 1%, because the conventional 5% 
significance level could entail too many false-positive results Only the results for the 
experimental period are shown in the tables 
Results 
No significant differences were observed for the measured variables between 
externally and internally housed subjects 
The mean values and SEMs of both the deficient and the control groups at the 
start (week 0), after 3 weeks (week 3) and at the end of the period of low vitamin 
intake (experimental period) (week 7) are given in Tables 3 and 4 In addition, the 
slopes (average changes per week) and their SEMs for the deficient and the control 
groups are presented for each variable 
There were no significant differences in body composition between the restriction 
and control groups during the experimental period However, a linear decrease in 
body weight was observed in both the restriction group (3 0%) and the control group 
(2 7%) (P<0 01), and a linear decrease in fat-free mass in the restriction group 
( P < 0 01) (Table 3) 
Table 3 Body composition serum ferritin and vitamin С in blood mean values (SEM) and average 
slopes (SEM) in the restriction group (n = 6) and the control group (n = 6) 
Characteristic 
Body weight (kg) 
Restriction 
Control 
Fat free mass (kg) 
Restriction 
Control 
Ferritin (ng/ml) 
Restriction 
Control 
Vitamin С (μτηοΙ/Ι blood) 
Reslnclion 
Control 
WeekO 
mean 
76 6(3 9) 
73 5(1 6) 
63 2(2 8) 
61 7(0 8) 
45 8(11 7) 
428(12 1) 
480(2 1) 
56 1 (4 4) 
Wcek3 
mean 
75 8(3 9) 
72 6(1 7) 
62 9(2 8) 
61 7(1 0) 
38 2(9 2) 
440(12 1) 
20 5 (1 8) 
54 9 (4 6) 
Week 7 
mean 
74 3(3 9) 
71 5(1 8) 
62 1 (2 8) 
60 9(0 9) 
45 8(10 0) 
550(13 2) 
199 (21) 
57 3 (4 3) 
slope 
* 
-0 3315(0 0833) 
-0 2829 (0 0997)* 
-0 1549(0 0275)* 
-0 1232(0 0528) 
0 1036(0 5125) 
1 7928(0 9896) 
- 3 8025 (0 0275)* 
0 1991 (0 3560) + 
Slope significantly different from zero (P<0 01) 
Significant difference in slopes between restriction and control group (P< 0 01) 
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Iron status parameters did not alter with time and did not differ significantly 
between the restriction and control groups. Three subjects (two from the restriction 
and one from the control group) had subnormal plasma ferritin concentrations 
( < 12 ng/ml) and were unresponsive to additional iron supplementation during the 
experiment. Serum ferritin concentrations are given in Table 3. 
The difference in linear and quadratic changes of vitamin С between the 
restriction and control groups was highly significant (P<0.Ql). The whole-blood 
vitamin С concentration showed a linear decrease of 3.80 μτηοΙ/Ι per week in the 
restriction group (P<0.01). In addition, a positive quadratic component was 
observed in the restriction group (P<0.01) (Table 3). Two subjects from the 
restriction group stayed just above the deficiency limit of 20 μιηοΐ per litre whole 
blood. In the concluding period the vitamin С levels in the restriction group almost 
reached initial values. 
With respect to the period of sleep, each subject had a fairly constant pattern 
during the experiment (mean: 7 hours per night). In all cases health and well-being 
were recorded by the subjects as good and normal. No clinical signs of vitamin 
deficiency were observed. The physical activity pattern of the volunteers was almost 
constant throughout the experiment. 
Aerobic power, OBLA and related variables did not differ significantly between 
restriction and control groups, nor were any significant changes found in the course 
of time within the groups (Table 4). However, the difference in linear changes 
Table 4. Maximum performance, OBLA and related variables: mean values (SbM) and slopes (SEM) 
in the restriction group (n = 6) and the control group (n = 6). 
Week of study 0 3 7 
mean mean mean slope 
V02-max(mlkg"1 
Restriction 
Control 
min"1) 
49.8(2.2) 
53.0(1.2) 
Maximal workload (W) 
Restriction 
Control 
OBLA(W) 
Restriction 
Control 
VO2-OBLA/VO2 
Restriction 
Control 
Heart rate-OBLA 
Restriction 
Control 
325.0(9.1) 
316.7(8.3) 
239.9(11.9) 
240.0(6.4) 
-max (%) 
80.5(2.5) 
77.9(2.5) 
(beats/min) 
180.3(3.4) 
179.7(3.4) 
RPE-OBLA (units) 
Restriction 
Control 
15.5(0.7) 
14.6(0.7) 
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50.4(2.3) 
52.9(1.6) 
325.0(12.9) 
320.8(7.7) 
246.3(9.4) 
244.8(6.7) 
80.5(2.4) 
81.7(2.0) 
185.3(3.1) 
177.1(2.8) 
14.7(0.7) 
14.6(0.5) 
51.3(2. 
53.3(2. 
320.8(7. 
320.8(7. 
244.8(8. 
243.2(4. 
82.5(2. 
81.0(1. 
187.3(2. 
178.2(4. 
14.7 (0. 
14.4 (0. 
9) 
1) 
7) 
7) 
1) 
5) 
0) 
9) 
7) 
4) 
5) 
6) 
0.2195(0.2399) 
0.0483(0.2241) 
-0.6194(0.6255) 
-0.5631 (1.0382) 
0.6439(0.9360) 
0.4111 (0.4815) 
0.2926(0.3250) 
0.4167(0.1404) 
0.9775(0.5690) 
-0.1892(0.2491) 
-0.0507 (0.0632) 
-0.0302 (0.0844) 
between the restriction and control groups as well as the observed trend of increasing 
heart frequency at the OBLA level in the restriction group failed to reach the level of 
significance applied in this experiment (P<0.05). The mean intra-individual 
coefficient of variation of OBLA in the control group was 4.0%. 
Discussion 
The present study demonstrates that a diet composed of common food products and 
a supplementation regime providing a maximum of 25 mg vitamin С per day can 
induce a marginal deficiency within 7 weeks. This situation was apparent from 
decreased whole-blood vitamin С levels and the absence of specific clinical signs and 
symptoms of deficiency. However, the induced marginal vitamin С deficiency did not 
affect aerobic power or OBLA. 
Although two of the six subjects in the restriction group did not pass the cut-off 
limit, comparable previous observations (1, 25) and the rigid dietary restrictions 
practically exclude the possibility of incomplete adherence to the experimental diet 
and supplementation regime. Differences in magnitude of the apparent volume of 
distribution of vitamin С (25) might explain the observed variation in response. 
Another explanation could be differences in plasma turnover of vitamin C, which is 
generally slower as the intake of vitamin С is diminished (26). The observed deficient 
ferritin levels - almost unresponsive to iron supplementation during the experiment -
suggest a normal physiological condition in these subjects. These observations stress 
the reconsidered fundamental problem of classifying deficient and adequately 
nourished subjects on the basis of cut-off values (27). 
Although much effort was put into adjustment of energy intake as required to 
control body weight, losses of weight and fat-free mass were observed in almost all 
subjects. These losses were comparable to similar diet controlled experiments (1, 28, 
29) and too small to assume an impact on aerobic power (30). 
Although the low vitamin С intake did not result in decrease of aerobic power or 
OBLA, the trend of increasing heart frequency at the OBLA level, suggesting a 
negative association between whole-blood vitamin С concentration and heart 
frequency during submaximal exercise, is intriguing. The unchanged oxygen 
consumption, assuming that the arteriovenous oxygen difference (indicator of tissue 
oxygen extraction) is not affected by vitamin C, suggests that cardiac output did not 
change during the experiment. 
Consequently, the increase in heart rate at OBLA level indicates, according to the 
Fick formula (14), a decrease of stroke volume in the deficient subjects. Whether the 
primary event is the decrease in stroke volume or an increase in heart rate is not 
known. However, a change in one of these factors should lead to a compensatory 
opposite change in the other one. The negative association between vitamin С and 
heart rate found in our study is supported by comparable observations in two 
rehabilitation experiments on marginal vitamin С deficiency in which a decrease in 
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heart frequency during submaximal exercise was found, which may be deduced from 
an increase in aerobic power according to the Astrand-Rhyming nomogram (9, 10). 
These findings might derive from the role of vitamin С in catecholamine 
metabolism, i.e. in the function of dopamines-hydroxylase, an enzyme involved in 
catecholamine synthesis (31). In addition, an increase in urinary excretion of 
catecholamines has been observed to result from vitamin С supplementation (32). 
As catecholamines increase heart frequency and stroke volume (14), the inverse 
relationship between whole-blood vitamin С concentration and heart rate during 
submaximal exercise remains hard to explain. However, an inverse association of 
serum vitamin С level with blood pressure has been observed recently (33), 
suggesting that marginal vitamin С deficiency possibly alters catecholamine receptor 
sensitivity or renal threshold for catecholamine excretion. To our knowledge, no 
research has been performed to test this hypothesis. 
The negative association between vitamin С and heart rate might also reflect 
involvement of vitamin С in carnitine synthesis (31) and the significant reduction in 
carnitine content of myocardium and skeletal muscles in vitamin C-deficient animals 
(34). Carnitine plays an essential role in transporting long-chain fatty acids into 
mitochondria. Approximately 60% of total energy metabolism comes from oxidation 
of fatty acids in the normal myocardium, so adequate levels of carnitine are required 
for normal fatty acid metabolism and cardiac function (35). It has been documented 
that carnitine deficiency may induce cardiomyopathy and, in consequence, a 
decreased stroke volume (35, 36). These facts suggest that the negative relationship 
between vitamin С and heart rate may be caused by a decreased stroke volume, 
mediated by a decrease of carnitine in heart muscle. This supposition also implies a 
negative relationship between heart rate and carnitine, which is supported by the 
results of some recent studies showing a decrease of heart rate during submaximal 
exercise after L-carnitine supplementation (37, 38, 39). 
Besides being an essential carrier for activated fatty acids across the mitochondrial 
membrane, carnitine acts as an acceptor of acyl groups of acyl-CoA. Through this 
mechanism the availability of free CoA is increased, thereby prompting the flux of 
substrates along the tricarboxylate cycle (40). For instance, an increase in the free 
CoA/bound CoA ratio reverses the inhibition of the pyruvate dehydrogenase 
complex (41). Consequently, if carnitine synthesis is impaired by vitamin deficiency, 
muscle carnitine levels may be insufficient, and therefore blood lactate may increase 
during exercise and fatigue may occur at an earlier time. OBLA and other laclate-
related variables, obtained during short-duration exercise, have been described as 
critical determinants of endurance performance (42). 
Although we did not observe a change in OBLA, it is possible that single bouts of 
intensive exercise are of too short a duration to bring about the detrimental effects of 
marginal carnitine deficiency on energy metabolism. As endurance exercise is 
characterized by high fatty acid oxidation (43) and increased carnitine turnover (44), 
it can be hypothesized that this type of exercise would be a more appropriate test to 
address a vitamin C-induced marginal carnitine deficiency. 
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Another interesting finding is that the OBLA-relaled rating of perceived exertion 
(RPE) remained constant and was practically comparable to previous observations 
(45, 46) As there is an increasing trend in heart rate al OBLA level this might 
suggest a shift in the heart ratc/RPE relationship during marginal vitamin С 
deficiency 
From the results of this study we may conclude that marginal vitamin С deficiency 
as such is probably not responsible for the decrease in aerobic power and OBLA 
found in a previous experiment on the influence of combined restricted intake of 
thiamin, riboflavin, vitamin B-6 and vitamin С (1) This observation is suggestive of 
either a role of the В vitamins or an interaction between two or more vitamins The 
observed effect of vitamin С on heart rate, possibly by interference with either 
catecholamine or carnitine metabolism, is of potential interest and needs further 
verification. 
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CHAPTER 5 
Thiamin, riboflavin and vitamin B-6: 
Impact of restricted intake 
on physical performance in man 
Eric J. van der Beek, Michel Wedel, Wim van Dokkum, Jaap Schrijver and 
Henk van den Berg 
Abstract 
A double-blind 2χ2χ2 complete factorial experiment on the effects of thiamin, 
riboflavin and vitamin B-6 restriction on physical performance was executed with 24 
healthy men. During eleven weeks of low vitamin intake the subjects were on a daily 
diet of regular food products, providing 58.8% of the Dutch Recommended Dietary 
Allowances (RDA) at most for thiamin, riboflavin and vitamin B-6. Other vitamins 
were supplemented at twice the RDA level. In vitamin-restricted subjects blood 
vitamin levels, erythrocytic enzyme activities and urinary vitamin excretion decreased; 
in vitro erythrocytic enzyme stimulation increased. Vitamin restriction had no 
harmful effects on health. A significant overall decrease was observed in aerobic 
power (V02-niax; 11.6%), onset of blood lactate accumulation (OBLA; 7.0%) and 
oxygen consumption at this power output (VO2-OBLA; 12.0%), peak power (9.3%), 
mean power (6.9%) and related variables (P< 0.01). However, the observed 
performance decrements could not be attributed to marginal deficiency for any of the 
vitamins studied. It is hypothesized that the absence of vitamin-specific effects on 
performance is caused by quantitatively similar but non-additive effects of the B-
vitamins studied on mitochondrial handling of reducing equivalents and 
consequently on muscle tissue redox state. 
Introduction 
It is well recognized that severe deficiency of vitamins impairs various human 
functions - physiological functions such as exercise performance, immuno-
competence, cognitive function and psychomotor performance as well as mood and 
personality (1). However, knowledge on the functional significance of marginal 
vitamin deficiency is still limited. Marginal deficiency is characterized by vitamin 
levels in body fluids and tissues below reference limits and by biochemical changes in 
metabolism without any vitamin-specific clinical signs and symptoms of deficiency 
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(2). Wc observed in a randomized controlled depletion experiment with young 
volunteers that a combined marginally deficient status of thiamin, riboflavin, vitamin 
B-6 and vitamin С was associated with a decrease of aerobic power and onset of 
blood lactate accumulation (OBLA), without cognitive functions being affected (3). 
These vitamins are involved as cofactors in mitochondrial metabolism (4, 5). 
However, little is known about the relative contribution of each individual vitamin to 
the detrimental effect of the combined marginal deficiency. Recently, we observed 
that a marginally deficient vitamin С status, apart from an increased heart rate at 
OBLA level, does not affect physical performance (6). Our observations suggest 
either an effect of any of the B-vitamins or an interaction between two or more 
vitamins. Therefore, in the present study a factorial experiment was designed to 
investigate whether restriction of thiamin, riboflavin or vitamin B-6, individually or in 
conjunction, is associated with a decrease of physical performance. 
A factorial approach was chosen because factorial experiments require much less 
experimental subjects to yield equal precision as single-factor approaches, allow for 
the investigation of interactions among factors, and lead to results that apply over a 
wide range of conditions (7). 
We examined the decrease in thiamin, riboflavin and vitamin B-6 status to 
marginal or deficient levels as a result of a diet composed of normal food products 
with 26 to 59% of the Dutch Recommended Dietary Allowances (RDAs) (8) for the 
B-vitamins in question. 
Subjects and methods 
Subjects and experimental design 
The study consisted in a 14-week double-blind 2χ2χ2 complete factorial experiment 
(7). The factorial experiment is a commonly used statistical design which enables the 
researcher to identify the main effects of a number of factors (deficiency in thiamin, 
riboflavin and vitamin B-6 in this case) as well as interactive effects of these factors 
(which occur, for example, when the effect of thiamin deficiency is dependent on 
riboflavin defiency). The factorial experiment is, under the assumption of additivity 
of effects, the most efficient design for detecting main effects and interactive effects 
of several factors. 
An 11-week period of low vitamin intake (experimental or restriction period) 
was preceded by a 1-week introductory period and followed by a 2-week concluding 
period. 
Twenty-four subjects were matched for aerobic power as measured a few weeks 
before the start of the experiment and were randomly assigned to the 8 treatment 
groups, consisting of all combinations of deficient/non-deficient in each of the 
vitamins (Table 1). Each of these 8 groups comprised 3 subjects. (Note that in the 
analysis of the factorial experiment with ANOVA the data of all 24 subjects are used 
for the tests of all main effects and interactions. In the comparison of the effect of 
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Tabic 1. Factorial design (n = 24). 
Subject 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
Thiamin 
_ 
-
+ 
+ 
+ 
— 
+ 
+ 
+ 
— 
-
+ 
+ 
-
+ 
— 
+ 
-
+ 
— 
+ 
-
— 
Riboflavin 
_ 
+ 
+ 
+ 
-
+ 
+ 
_ 
+ 
+ 
— 
— 
+ 
+ 
-
+ 
— 
-
+ 
-
-
+ 
— 
Vi 
+ 
-
-
+ 
— 
— 
— 
+ 
+ 
+ 
+ 
+ 
+ 
-
— 
+ 
— 
— 
— 
— 
+ 
+ 
+ 
+ = restricted; — = non-restricted. 
one vitamin, the two groups that are compared are identical with respect to 
deficiency in the other vitamins, due to the factorial design.) 
The 24 subjects were apparently healthy men participated (aged 23.4 ± 2.6; body 
weight 74.7 ± 7.7 kg; VC^-max 3.76 ± 0.44 l/min). The subjects had normal Dutch 
dietary habits, and showed a moderate drinking and smoking behaviour. All subjects 
were moderately active and were instructed not to change their daily activity pattern 
during the study. 
During the study all subjects remained in their own environment. Dinners had to 
be consumed in the metabolic ward of the Institute each day, the other meals were 
consumed at home. 
The experiment was carried out in conformity with the rules of the Declaration of 
Helsinki and approved by the Institute's external medical ethical committee. 
Informed written consent was obtained from each volunteer. 
Dietary methodology 
To get accustomed to the experimental diet all subjects received that diet in the 
introductory period (week -1). The experimental diet was composed of common 
food products and was consumed during the remaining part of the study. The 
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Table 2. Composition (g or ml) of the experimental diet (mean daily values). 
Breakfast 
two white-bread rolls 
diet margarine 
cheese 
jam 
Lunch 
four white-bread rolls 
diet margarine 
cheese 
smoked beef 
jam 
peanut butter 
Dinner 
white rice 
carrots 
green peas 
French beans 
diet margarine 
apple sauce 
beef 
white-cream or curry sauce 
whipped cream 
canned peaches or pears 
Allowances during the day 
diet margarine 
tea (instant), 3 cups 
coffee (instant), 4 cups 
sugar 
powdered milk 
soft drinks 
Dutch honey cake 
biscuits 
90 
20 
14 
180 
20 
15 
14 
10 
200 
100 
50 
150 
10 
100 
100 
100 
15 
100 
50 
0.9 
6.0 
28 
12 
500 
40 
20 
on days 1, 3, 5, etc. 
on days 2, 4, 6, etc. 
composition of this diet is presented in Table 2. The dietary characteristics, based on 
chemical analysis of three daily samples, are given in Table 3. The energy content of 
the experimental diet was adjusted to the mean energy requirement of the study 
population derived from a dietary history before the study. During the introductory 
period (week -1) all subjects were supplemented with twice the RDA for all vitamins 
except vitamin K. This vitamin dosage was chosen to make sure that no other vitamin 
deficiencies could confound the results. This regimen was continued in the 
unrestricted subgroup until the end of the experiment. In the experimental period 
(weeks 0 to 11) the 7 restricted subgroups received the same supplement except for 
one or more of the B-vitamins (Table 4). In the concluding period (weeks 12 and 13) 
all subjects received the same supplement as in the introductory period. 
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Table 3 Experimental dietary characteristics (mean daily values as analysed) 
Energy 
{Mild) 
(kcal/d) 
Total fat (g/d) 
Linoleic acid (en%)* 
Saturated fatty acids (en%) 
Total available carbohydrates (g/d) 
Total protein (g/d) 
Thiamin (mg/d) 
Riboflavin (mg/d) 
Vitamin B-6 (mg/d) 
Vitamin С (mg/d) 
11 2 
2679 
102 1 
11 5 
132 
372 
68 1 
0 43 
0 94 
0 39 
79 4 
(34 3 en%)* 
(55 5 en%) 
(10 2en%) 
(39 l%ofRDA) 
(58 8% of RDA) 
(26 0%ofRDA) 
(158 8% of RDA 
* en%, % of total energy intake 
Table 4 Composition of the vitamin supplements 
Vitamins/vitamers Contents 
All-rra/is-retinyl palmitate 
Cholecalciferol 
i/,/-a-tocophcryl acetate 
Cyanocobalamin 
Folic acid 
L-ascorbic acid 
Nicotinamide 
Calcium pantothenate 
Thiamin mononitrate 
Riboflavin 
Pyridoxine hydrochloride 
5660 
400 
30 
6 
800 
100 
42 
20 
2 5 
4 
4 
1U 
IU 
mg 
μΕ 
μκ 
mg 
mg 
mg 
mg 
mg 
mg 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
t 
4 
4 
4 
4 
4 
4 
— 4 
4 -
4 
4 
4 
4 
f 
4 
4 
4 
4 
4 
I 
-τ 
4 
4 
4 
4 
4 
4 
4 
1
 Lactose was added to make the final weight up to ca 360 mg 
21—8 refer to the eight different capsules, 4 = present, — = nol present 
Mineral and trace element supplementations were equal for all subjects 
throughout the study, i.e. once the RDA, as described previously (3). 
Vitamin supplements were consumed during dinner under supervision, so as to 
ensure that each subject received the correct supplement. 
Blood and unne analyses 
Blood was withdrawn from an antecubital vein after an overnight fast at the start of 
the experimental period (week 0) and in weeks 5 and 11. Whole-blood samples were 
used to determine the thiamin status: total thiamin and erythrocyte transketolase 
(ETK) activity and in vitro ETK stimulation by thiamin diphosphate (ThDP) (a-ETK 
or activation coefficient) (9, 10). Riboflavin status was assessed by means of flavin 
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adenine dinucleotide (FAD) and erythrocyte glutathione reductase (EGR) activity 
and in vitro EGR stimulation by FAD (a-EGR) (11, 12) Vitamin B-6 status was 
assessed by means of pyndoxal 5'-phosphate (PLP) and erythrocyte glutamic-
oxaloacetic transaminase (FGOT) activity and in vitro EGOT stimulation by PLP (a-
EGOT) (13, 14) Vitamin С status was assessed by measuring the total vitamin С 
concentration (as an indicator vitamin) in whole blood (15) On the day preceding 
blood sampling 24-h urine was collected for the analysis of the excretion of thiamin, 
riboflavin and 4-pyridoxic acid (16, 17) Iron status was evaluated by determining the 
haemoglobin (Hb) concentration, the haematocnt (Ht) reading, and the number ot 
erythrocytes in whole blood by using a semi-automatic haematology analyser (Sysmex 
CC-180, Toa Medical Electronics, Kobe, Japan) Serum ferritin was assessed by an 
IRMA (immunoradiometric assay) method (18), with commercial reagents (Rameo 
Laboratories, Houston, TX) 
Health and activity sheet 
Each subject completed a health and activity sheet daily, pertaining to physical 
activities, health, well-being, stress and hours of sleep, and recorded his weight on 
the sheet 
Physical performance 
Physical performance, assessed at the start of the experimental period (week 0) and 
in weeks 5 and 11, was quantified by measuring aerobic power (VC^-max) (19), 
onset of blood lactate accumulation (OBLA) (20, 21), defined as the power output 
corresponding to a level of 4 mmol lactate per litre whole blood or plasma, and 
anaerobic power The anaerobic power tests were executed two days before the 
determination of OBLA and aerobic power Each subject was familiarized with the 
tests in week -1 
Aerobic power and onset of blood lactate accumulation (OBLA) 
Aerobic power and OBLA were determined by means of an incremental exercise on 
an electrically braked bicycle ergometer (Lode-HL-600R, Lode, Groningen, 
Netherlands) The subjects started cycling at 50 W and pedalled at a rate of 60-80 
revolutions per minute (rpm) The workload was increased by 50 W after 2 mm, and 
thereafter 25 W increments were given every 2 mm until exhaustion At the end of 
each step the rating of perceived exertion (RPE) was measured on a 15-point scale 
(22) During the test, ventilatory and gas exchange parameters were monitored every 
30 s by an open-circuit sampling system (Oxycon-4, Mijnhardt, Bunnik, 
Netherlands) The gas analysers were calibrated against standardized gases prior to 
testing, the dry gas meter was calibrated weekly with a 3-htre syringe (Pul Mark 1, 
RNA Medical Corp , Woburn, MA) Subjects breathed through a low-resistance 
breathing valve (No 2700, Hans Rudolph, Kansas City, MO) Heart rate was 
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continuously monitored by an ECG with CM-5 lead positions. If desired, facial 
cooling was applied by means of a fan. As cooling may affect heart frequency (23), 
each subject had to choose during the first exercise test whether or not to use the fan 
during the study. During the test blood was sampled from a heparinized (12.5 U per 
5 ml) 18-gauge indwelling catheter (Quick-Cath, Travenol Laboratories, Castlebar, 
Ireland) with a three-way stopcock (Robinet 3 Voies, Vermed, Angers, France) 
which was inserted into an antecubital vein. Blood samples were drawn during the 
last 30 s of each exercise step. Blood lactate was determined in plasma by an 
enzymalic-colorimetric autoanalyser method with commercial reagents (Boehringer 
Mannheim Diagnostica, FRG, No. 256773). The exercise effort was considered 
maximal if the following criteria were fulfilled: a respiratory equivalent ( Е/ О^) 
above 30 (24); a respiratory exchange ratio (RER) over 1.0 (25), and a heart rate 
within the 95% confidence interval of the age-related heart rate at maximum 
workload (26). 
Anaerobic power 
Anaerobic power was assessed by means of the Wingalc lest (27), a 30-second 
supramaximal cycle ergometer test. This test was performed on a mechanically 
braked bicycle ergometer (Monark-Crescent, Varburg, Sweden) thai had been 
modified with a lever arm to which weights were attached for instantaneous 
application of resistance (28). Revolutions were counted by means of an electronic 
device on the flywheel which was connected to a counter registering the 
instantaneous, peak, and successive 5-second mean frequencies. 
Prior to the test, the subjects warmed up for 2-4 minutes on the bicycle 
ergometer. They were then seated on the modified ergometer with the feet fastened 
in toe clips and straps; the seat height was adjusted such that there was a slight bend 
at the knee upon extension. The subjects were instructed to pedal at an initial rate of 
ca. 100-120 rpm without resistance, enabling them to overcome the inertial 
resistance of the flywheel. On the command 'ready, go' they started to pedal as fast 
as possible and the lever arm was lowered, applying the load, and simultaneously the 
counter started timing the test and counting flywheel revolutions. The resistance 
applied was 0.075 kg/kg body weight for all subjects. At the end of the 30-second 
ergometer test the following variables were calculated: peak power, the highest 
power output during any 5-second period; mean power, the average power output 
during the entire 30 seconds; and power decrease, the difference between peak 
power and the lowest 5-second power output divided by the elapsed time. All three 
indices were also expressed in relative terms by dividing them by body weight. Peak 
power was assumed to reflect the ability of limb muscles to produce mechanical 
power in a short time. Mean power was assumed to reflect the ability of limb 
musculature to sustain extremely high power. It is assumed that power decrease 
reflects the rate of fatigue (27). 
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Statistical methods 
The statistical method used consisted in an analysis of variance of coefficients of 
fitted orthogonal polynomials over the experimental period (weeks 0 through 11) for 
each individual (29, 30) The independent estimates of the coefficients for the 
average level of a variable during the experimental period, and for linear and 
quadratic contrasts, were analysed according to the factorial design of the study using 
analysis of variance (ANOVA) In the ANOVA the mam effects for the factors 
thiamin, riboflavin and vitamin B-6 were tested, as well as the three 2-factor 
interactions and the Vfactor interaction The linear coefficients indicate the linear 
changes of a variable over the period of low vitamin intake in units per week Positive 
quadratic coefficients indicate a downward curvature, while negative quadratic 
coetticients indicate an upward curvature Besides the differences between 
coefficients, it was investigated whether the (overall) average coefficients differed 
significantly from zero by means of t-tests applying the pooled standard errors of the 
coefficients Effects were noticed when the F value from the ANOVA exceeded the 
critical value corresponding to a significance level of 1% to prevent type I errors due 
to the large number of variables tested The mean levels of the results (with their 
SEMs) in the experimental period (weeks 0, 5 and 11) are presented, as well as the 
coefficients of linear change in time (slopes) for the specific vitamin factors that 
affected a variable significantly Where no main effects were found, the pooled mean 
levels and overall coefficients of linear change are presented 
Results 
The mean values and SEMs of both the restriction and control groups at the start 
(week 0), alter 5 weeks (week 5), and at the end of the experimental period (week 
11) are given in Tables 5-9 In addition, the slopes (average change per week) and 
their SEMs for the restriction and the control groups are presented Where no main 
effects were observed the pooled results are presented in the same way The non-
restricted (as to a particular vitamin), adequately nourished groups will be referred to 
as control groups consistently (In other words, controls for one vitamin may have 
restrictions for one or more other vitamins That is a characteristic feature of the 
factorial design ) 
In the experimental period no significant vitamin-specific mam effects or 
interactions in body composition were observed However, a pooled linear decrease 
in body weight, percentage of body fat and fat-free mass was observed (P < 0 01 ) 
The mean decrease in body weight was 5 4% (range -12 4% to -0 1%) The mean 
decreases in percentage of body fat and fat-free mass were 11 2% (range +11 9% to 
-43 8%) and 3 2% (range + 1 2 to -7 8%) respectively 
Iron status indicators did not show any vitamin-specific effects or interactions in 
the experimental period However, pooled linear decreases in haemoglobin 
concentration and haematocnt reading were observed (P<0 01) The mean 
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decreases in haemoglobin concentration and haematocrit reading were 5.4% (range 
+ 3.1% to -12.5%) and 6.8% (range + 4 . 4 % to -17.0%) respectively. No changes in 
time were observed for ferritin and vitamin C. 
Vitamin variables in blood 
At the start of the experimental period, 5 subjects in the riboflavin-restricted and 6 
subjects in the unrestricted group showed dificient FAD levels. However, only 5 of 
them showed deficient FAD levels in the screening before the experiment. Although 
all biochemical variables changed in that period, the degree and rapidity of vitamin 
depiction in restricted individuals varied. All thiamin-reslricted subjects reached 
deficient total thiamin concentrations and 83% reached deficient a-ETK levels in the 
period of low vitamin intake. Of the riboflavin-restricted subjects 92% reached a 
deficient FAD level and none of them reached deficient a-EGR levels. None of the 
restricted subjects reached deficient PLP blood levels and 42% of the subjects 
reached deficient a-EGOT levels. However, 67% of them reached dificient plasma 
PLP levels (results not shown). 
Tabic 5 Vitamin levels in blood according to treatmenl mean values (SEM) and slopes (SbM) in the restriction 
and control groups All groups comprised 12 subjects 
Variable Group' Week of the study Slope2 
fcTK act 
nmol/1 
ETK act 
U/mmol Hb 
α-ΕΤΚ 
FAD 
nmol/1 
FGR act 
U/mmol Hb 
a-EGR 
PLP 
nmol/1 
EGOTact 
U/mmol Hb 
a-EGOT 
B-l-R 
B-l-C 
B-l-R 
B-l-C 
B-l-R 
B-l-C 
B-2-R 
B-2-C 
B-2-R 
B-2-C 
B-2-R 
B-2-C 
B-6-R 
B-6-C 
B-6-R 
B-6-C 
B-6-R 
B-6-C 
0 
124 
124 
13 0 
13 1 
1 07 
1 08 
265 
252 
139 
146 
0 99 
0 99 
94 
93 
70 
75 
1 66 
1 63 
(5 2) 
(4 0) 
(0 6) 
(0 7) 
(0 02) 
(0 02) 
(16 6) 
(10 4) 
(5 7) 
(7 7) 
(0 01) 
(0 02) 
(4 6) 
(6 4) 
(3 1) 
(5 8) 
(0 04) 
(0 04) 
5 
87 
134 
9 0 
126 
1 24 
1 08 
242 
307 
90 
149 
1 19 
0 97 
45 
112 
56 
74 
1 88 
1 63 
(3 6) 
(5 7) 
(0 3) 
(0 3) 
(0 02) 
(0 02) 
(8 3) 
(12 3) 
(4 6) 
(7 2) 
(0 02) 
(0 01) 
(16) 
(6 8) 
(2 8) 
(5 1) 
(0 05) 
(0 04) 
11 
76 
132 
8 0 
12 8 
1 33 
1 09 
227 
297 
84 
156 
1 23 
0 96 
38 
112 
46 
82 
2 13 
1 63 
(4 2) 
(4 4) 
(0 4) 
(0 4) 
(0 04) 
(001) 
(7 3) 
(9 6) 
(4 8) 
(7 2) 
(0 01) 
(0 01) 
(18) 
(6 7) 
(4 7) 
(8 6) 
(0 11) 
(0 08) 
- 4 3191 
0 6479 
- 0 4463 
-О 0307 
0 0236 
0 0002 
- 3 4570 
3 9011 
- 4 9002 
0 8782 
0 0210 
- 0 0030 
- 4 9574 
1 6717 
- 2 1864 
0 6415 
0 0430 
0 0001 
(0 2969)" + 
(0 3550) 
(0 0384)* + 
(0 1565) 
(0 0031)* + 
(0 0020) 
(1 3462)» + 
(0 5408)1' 
(0 2083)р + 
(0 1382)' 
(0 0013)·| + 
(0 0011) 
(0 3561)* + 
(0 3818)* 
(0 2825)* + 
(0 3517) 
(OOOSS)^ 
(0 0059) 
1
 For brevity sake, the obsolete designations B-l and B-2 are used tor thiamin and riboflavin, respectively R = 
restriction group, С = control group 
2
 * Slope significantly different from zero (P< 0 01), + Significant difference in slopes between restriction and 
control groups (P< 0 01) 
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Thiamin 
For the linear changes in thiamin variables, significant differences were observed 
between the restriction and the control groups. As regards total thiamin 
concentration, the difference in quadratic changes was significant. A decrease in total 
thiamin concentration and ETK activity and an increase in a-ETK was observed in 
the restriction group (P<0.01) whereas no changes were observed in ihc control 
group (Table 5). A positive quadratic component for total thiamin concentration was 
found in the restriction group (P<0.01), indicating stabilization after an initial 
decrease. 
Riboflavin 
For the linear changes in riboflavin variables, significant differences were observed 
between the restriction and control groups. As regards EGR activity and a-EGR, the 
differences in quadratic changes between restriction and control groups were 
significant. A decrease in FAD concentration and EGR activity and an increase in a-
EGR were observed in the restriction group (P<0.01). Increases in FAD 
concentration andEGR activity were observed in the control group (/ ,<0.01) (Table 
5). A positive quadratic component for EGR activity was observed in the restricition 
group (P<0.01), indicating stabilization after an initial decrease. A negative 
quadratic component for a-EGR was found in the restriction group (P<0.01), 
indicating stabilization after an initial increase. 
Vitamin B-6 
For the linear changes in vitamin B-6 variables, differences were observed between 
the restriction and control groups (P<0.01). As regards PLP concentration, the 
difference in quadratic changes between the restriction and control groups was 
significant. A decrease in PLP concentration and EGOT activity and an increase in a-
EGOT was observed in the restriction group (P<0.01). A positive quadratic 
component for PLP concentration was observed in the restriction group, indicating 
stabilization after an initial decrease. An increase in PLP concentration was observed 
in the control group (P< 0.01) (Table 5). 
Vitamin excretion with the urine 
At the start of the experimental period none of the subjects showed urinary 
excretions of thiamin, riboflavin and 4-pyridoxic acid at levels, indicative of vitamin 
deficiencies. However, during the period of low vitamin intake all restricted subjects 
reached deficient urinary vitamin levels. 
The linear and quadratic changes in excretion of thiamin, riboflavin and 4-
pyridoxic acid differed significantly between the restriction and control groups. The 
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Table 6 Urinary vitamin excretion according to treatment mean values (SEM) and slopes (SEM) in the restriction 
and control groups All groups comprised 12 subjects 
Variable 
Thiamin 
μ
β
/24 1ι 
Thiamin 
μπιο1/24 h 
Riboflavin 
μg/24 h 
Riboflavin 
μπιο1/24 h 
4-PA' 
μ6/24 1ι 
4-PA 
μπιοΙ/24 h 
Group' 
B-l-R 
B-l-C 
B-l-R 
B-l-C 
B-l-R 
B-2-C 
B-2-R 
B-2-C 
B-6-R 
B-6-C 
B-6-R 
B-6-C 
Week of the study 
0 
327 
325 
0 9703 
0 9644 
2701 
2336 
7 1835 
6 2128 
2565 
2408 
14 0164 
13 1585 
(42 3) 
(42 0) 
(0 1255) 
(0 1246) 
(188 1) 
(390 8) 
(0 5003) 
(1 0394) 
(162 0) 
(108 4) 
(0 8852) 
(0 5923) 
5 
21 
424 
0 0623 
1 2582 
22 
1708 
0 0585 
4 5426 
302 
2367 
1 6503 
12 9344 
(3 2) 
(52 1) 
(0 0116) 
(0 1546) 
(4 0) 
(208 1) 
(0 0106) 
0 5535 
(17 8) 
(199 5) 
(0 0973) 
(1 0902) 
11 
11 
332 
0 0326 
0 9825 
11 
1744 
0 0293 
4 6383 
250 
3042 
1 3661 
16 6230 
(3 2) 
(38 6) 
(0 0096) 
(0 1145) 
(2 2) 
(239 2) 
(0 0059) 
(0 6362) 
(16 3) 
(165 2) 
(0 0891) 
(0 9027) 
Slope2 
-27 7967 
0 1177 
- 0 0825 
0 0003 
-236 5426 
- 51 3118 
- 0 6291 
- 0 1365 
-203 8571 
59 4803 
- 1 1140 
0 3250 
(3 7257)' + 
(5 0725) 
(001Ι1) μ + 
(00151) 
(16 451)' + 
(42 1609) 
(0 0438)' + 
(0 1121) 
(14 0810)1· + 
(21 1744) 
(0 0769)J + 
(0 1157) 
1
 For brevity sake, the obsolete designations B-l and B-2 arc used for thiamin and riboflavin respectively R = 
restriction group, С = control group 
2
 * Slope significantly different from zero (P<0 01), + Significant difference in slopes between restriction and 
control groups (/><0 01) 
1
 PA = pyndoxic acid 
excretion of thiamin, riboflavin and 4-pyridoxic acid showed a significant decrease in 
the restriction group (Table 6). A positive quadratic component for thiamin, 
riboflavin, and 4-pyridoxic acid was observed in the restriction group (P<0.01), 
indicating stabilization of urinary excretion after an initial decrease. 
Physical performance 
For aerobic power, OBLA, anaerobic power and related variables no significant 
vitamin-specific main effects were observed (Tables 7 through 9). Therefore, the 
pooled values are presented. 
Table 7 Maximal performance means (SEM) and average slopes (SEM), all groups uken together (n = 24) 
Variable 
Maximal workload (W) 
V02-max (l/min) 
^O2-max (ml min" kg 
Max heart rate (beats/min) 
RER-max 
VE/YC^-max 
Week of the study 
0 
316 
3 88 
52 2 
196 
1 08 
33 4 
(6 0) 
(0 07) 
(128) 
(15) 
(0 010) 
(0 84) 
5 
310 
3 69 
51 1 
196 
1 11 
34 0 
(6 2) 
(0 07) 
(120) 
(17) 
(0 008) 
(0 80) 
11 
296 
3 42 
48 7 
194 
1 11 
35 7 
(6 8) 
(0 07) 
(1 21) 
(15) 
(0 007) 
(0 85) 
Slope 
- 1 82 
- 0 0417 
- 0 333 
- 0 145 
0 0033 
0 209 
(0 5102)* 
(0 0052)* 
(0 0762)'· 
(0 0693) 
(OOOI)1· 
(0 0632) f 
Slope significantly different from zero (P< 0 01) 
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Table 8 OBI A and related variables mean values (SEM) and average slopes (SbM), all groups taken together 
(« = 24) 
Variable' 
OBLA(W) 
Y02-OBL A (l/mm) 
V02-OBI.A 
(ml mm kg ) 
VOj-OBLA/VOj-max 
^[ : /VO 2 -OBLA 
RER-OBI A 
Heart rate-OBl.A 
(beats/mm) 
RPE-OBI.A 
Week. 
0 
240 1 
3 12 
42 0 
(%) 80 3 
26 1 
0 98 
179 1 
14 9 
of the study 
(5 98) 
(0 077) 
(129) 
(1 42) 
(0 74) 
(0 008) 
(2 03) 
(0 33) 
5 
236 0 
2 95 
40 9 
79 8 
27 0 
1 02 
177 8 
149 
(7 62) 
(0 086) 
(1 35) 
(141) 
(0 54) 
(0 007) 
(2 05) 
(0 37) 
11 
222 4 
2 74 
38 9 
79 9 
28 0 
1 02 
174 8 
146 
(6 93) 
(0 079) 
(119) 
(1 38) 
(0 50) 
(0 007) 
(152) 
(0 34) 
Slope 
- 1 63 
- 0 0349 
- 0 288 
- 0 04 
0 172 
0 0035 
0 40 
- 0 047 
(0 4649)* 
(0 0056)* 
(0 0843)=· 
(0 1503) 
(0 0534)* 
(0 001)* 
(0 1753) 
(0 0280) 
1
 Slope significantly dilferent from 7cro (P<0 01) 
1
 OBLA, onset of blood lactate accumulation, 1¡O2-OBLA oxygen consumption at OBLA level, V 0 2 - 0 B L A / , I O 2 -
max, oxygen consumption at OBLA level expressed as a percentage of aerobic power, YL/,¡O2-OBI A, respiratory 
quotient at OBI A level RfcR-OBLA, respiratory exchange ratio at OBLA level, RPE-OBLA, rate of perceived 
exertion at OBLA level 
Maximal performance 
The pooled linear changes in maximal workload, aerobic power (YC^-max and ΫΟ2-
max/kg body weight), respiratory gas exchange ratio (RER) and ventilatory 
equivalent ( vE/VOo) differed significantly from zero. The pooled linear changes in 
maximal heart rate tailed to reach the level of significance chosen in this study 
(/><0.05)(Table7). 
Onset of blood lactate accumulation (OBLA) 
The pooled linear changes in OBLA, oxygen consumption at the OBLA level (ΫΟ^-
OBLA and VO2-OBLA/kg body weight), respiratory gas exchange ratio (RER-
OBLA), and ventilatory equivalent (VE/VO2-OBLA) differed significantly from zero 
(Table 8). 
A pooled increase was observed in RER-OBLA and VE/VO2-OBLA. The pooled 
linear changes in heart rate at the OBLA level failed to reach the level of significance 
applied in this study (P< 0.05). Oxygen consumption at OBLA level expressed as a 
percentage of aerobic power (V02-max) and the rating of perceived exertion at 
OBLA level (RPE) did not change in the experimental period. 
Anaerobic power 
The pooled linear decreases in peak power, absolute and per kg body weight, and 
mean power differed significantly from zero (Table 9). The pooled linear changes in 
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Table 9 Anaerobic power output values mean values (SEM) and average slopes (SEM), all groups taken together 
(" = 24) 
Variable Week of the study Slope 
0 5 11 
Peak power 
(W) 
(W/kg) 
lean power 
(W) 
(W/kg) 
ower decrease 
(W/s) 
( W s ' k g - 1 ) 
780 5 
10 5 
632 7 
85 
16 3 
0 22 
( " 4 7 ) 
(0 15) 
(10 07) 
(0 10) 
(0 95) 
(0 01) 
762 6 
10 6 
618 8 
8 6 
14 4 
0 20 
(12 74) 
(0 16) 
(9 61) 
(0 13) 
(0 66) 
(0 01) 
705 6 
10 0 
587 6 
8 3 
14 4 
0 20 
(15 3) 
(0 21) 
(12 18) 
(0 16) 
(0 67) 
(0 01) 
- 6 90 
- 0 042 
- 4 1 
- 0 014 
- 0 164 
- 0 0011 
(1 364)* 
(0 0174)* 
(1 17)* 
(0 0147) 
(0 0937) 
(0 0012) 
Slope significantly different from zero (P< 0 01) 
mean power per kg body weight, power decrease and power decrease per kg body 
weight did not differ significantly from zero. 
Adjustment for potentially confounding changes in body weight, haemoglobin 
concentration and ambient temperature did not affect the physical performance 
results. In addition, analysis of physical performance decrements according to the 
number of vitamins restricted did not show any significant differences among the four 
groups. The power of this analysis to detect effects is low due to the small number of 
observations, especially in the non-vitamin- and three-vilamin-restricted groups (n = 
3). Nevertheless, the slopes of aerobic power and oxygen consumption at OBLA 
level differed significantly from zero in the three single and multiple vitamin-deficient 
groups. 
Discussion 
As has been shown in a previous experiment (3), a state of depletion of thiamin, 
riboflavin and vitamin B-6 can be induced by a diet composed of common food 
products within 11 weeks. This situation was apparent from decreased vitamin 
concentrations in blood, decreased erythrocytic enzyme activities, elevation of 
activation coefficients of these enzymes, and lower urinary vitamin excretion. 
However, no vitamin-specific clinical signs and symptoms of deficiency were 
observed. The levels of a number of vitamin variables in blood and urine appeared to 
stabilize after an initial period of decrease or increase, suggesting that a steady state 
had been reached in the period of low vitamin intake. Although the vitamin levels in 
blood and urine were comparable with our previous findings (3), the magnitudes of 
decrease or increase in blood were smaller, especially for riboflavin and vitamin B-6. 
This observation is in line with the higher intakes of riboflavin and vitamin B-6 in the 
present experiment. However, this is contradicted by the stronger decrease in urinary 
excretion of riboflavin and 4-pyridoxic acid. 
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Thiamin and/or riboflavin intake, either expressed as mg/day or as mg/MJ, was 
comparable with that of other depletion studies (32-40). In contrast, the vitamin B-6 
content of the diet used in the present study was considerably lower than in these 
other studies (36). 
The decrease in urinary excretion of thiamin, riboflavin and/or 4-pyridoxic acid 
provided clear evidence of adherence to the diet by all subjects. The excretion figures 
in the period of low vitamin intake were comparable with those in our previous 
experiment, or even lower (3). Moreover, the urinary excretion data were similar to, 
or even lower than, results of other depletion studies in man (32-37, 40); the same 
holds for ETK and a-ETK values in blood (39). 
Although much effort was put into adjustment of energy intake as required to 
control body weight, loss of weight and a decrease of the percentage of body fat and 
of fat-free mass were observed in almost all subjects. Loss of body fat accounted for 
the greater part of the decrease of body weight. These losses were comparable to 
similar diet-controlled studies (3, 6, 41, 42). 
As iron intake was more than adequate (10.9 mg dietary iron + 10.0 mg iron 
from the mineral and trace element supplement), and not more than 150 ml of blood 
per person was drawn during the experiment, no plausible explanation is available for 
the decrease in haemoglobin concentration and haemalocrit reading in all subjects. 
What is more, the ferritin concentration remained unaffected. 
Despite a pooled decrease in performance, no vitamin-specific main effects were 
observed in aerobic power, OBLA, anaerobic power and related variables. Even after 
adjustment for confounding factors such as changes during the experiment in body 
weight, haemoglobin concentration and ambient temperature, which may affect 
physical performance (43, 44, 45), no such main effects were found. 
The mean decrease in aerobic power was comparable with our previous 
experiment, while the mean decreases in OBLA and related variables were lower (3). 
The range of interindividual differences in response was comparable for aerobic 
power variables. For OBLA and related variables the range of interindividual 
response differences was smaller in the present experiment. Again, no significant 
correlation was found between the magnitude of decrease of physical performance 
parameters and biochemical indicators of vitamin status. As the subjects did not 
change their daily activity patterns, it is unlikely that the variability in functional 
decrements can be attributed to changes in physical activity, or that potentially 
detrimental functional effects of marginal vitamin deficiency have been counteracted 
partly by increased physical activity. Another interesting finding is that the OBLA-
related rating of perceived exertion (RPE) remained constant and was practically 
comparable to a previous observation (6). Although an incremental bicycle exercise 
test was applied in one study (40), most physical performance tests used in the 
present experiment have not been applied in other vitamin depletion studies. 
Therefore, the physical performance decrements in the present experiment are hard 
to compare with literature data. It should be noted, however, that our observations 
relate only to measurements taken during relatively short-term exercise. 
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Measurements of long-term aerobic endurance capacity might have given different 
results under the conditions of our study. 
The question arises as to why the observed decrements in physical performance 
could not be ascribed to marginal deficiency in one of the vitamins studied. The 
absence of main effects, additive effects and interactions and the presence of a 
pooled decrease in physical performance suggests that marginal deficiency in one or 
more of the vitamins studied induces functional decrements of the same order of 
magnitude. This hypothesis is based on two assumptions. First, the induced 
metabolic deregulations, and hence the functional decrements, are similar for each of 
the vitamins. Second, the induced degree of marginal deficiency in each vitamin is 
rate-limiting as regards the metabolic and functional consequences. As the B-
vitamins studied are involved in mitochondrial energy production, we hypothesize 
that the performance decrements found may be attributable to decreased 
mitochondrial metabolism. Because biochemical confirmation of this hypothesis is 
sparse, the following interpretation may be somewhat speculative. 
Thiamin, riboflavin, and vitamin B-6 play versatile roles in mitochondrial ß-
oxidation, carbohydrate and amino acid metabolism, and in the respiratory chain (4, 
5). Single deficiencies of especially thiamin and riboflavin may hamper the citric acid 
cycle function and decrease the activities of the respiratory chain (5, 46-48). Little is 
known about metabolic disorders in single marginal deficiency (49, 50), and even 
nothing about the metabolic consequences of combined (marginal) deficiency. 
Thiamin deficiency results in depression of the activities of the pyruvate and a-
ketoglutarate dehydrogenase complexes (48). Metabolic consequences are an 
increase in the concentrations of pyruvate and lactate, and a decreased activity of the 
citric acid cycle (48). Besides a defective p-oxidation, riboflavin deficiency may result 
in decreases in activities of components of mitochondrial electron transport (46), and 
in diminished carnitine status (51). As regards the diminished carnitine status, it is 
not clear whether synthesis is impaired or is secondary to impaired fatty acid 
oxidation (51, 52). As amino acids and protein do not contribute substantially to 
energy supply during exercise (53), it is more likely that performance reduction 
reflects the involvement of vitamin B-6 in lipid metabolism (54). The precise 
involvement of vitamin B-6 has not been clearly identified and may be a secondary 
effect as there is evidence now that vitamin B-6 is required in carnitine synthesis (51, 
55). Through the role of carnitine in the regulation of the mitochondrial acetyl-
CoA/CoA ratio, normally the availability of free CoA is increased, thereby prompting 
the flux of substrates along the citric acid cycle (56). A decreased carnitine status 
results in an increased acetyl-CoA/CoA ratio (57) which inhibits the pyruvate 
dehydrogenase complex and results in increased lactate concentrations in body fluids 
(58). Therefore, if carnitine synthesis is impaired by riboflavin and vitamin B-6 
deficiency, the blood lactate level may increase prematurely during exercise and 
fatigue may occur at an earlier time (59). As thiamin deficiency results in an early rise 
of lactate too, the mitochondrial dysfunctions induced by thiamin, riboflavin and 
vitamin B-6 deficiencies may cause a reduced muscle tissue redox state (60), and this 
common feature may form the metabolic basis for a functionally similar reduction of 
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physical performance In addition, the correspondence between changes in physical 
performance parameters observed in the present experiment and those observed in 
genetic mitochondrial enzyme defects (61, 62) may support our mitochondrial 
dysfunction hypothesis 
Conclusion 
In the present study restriction of either thiamin, riboflavin or vitamin B-6, as well as 
interactive effects between these vitamins, could not unequivocally be associated with 
the observed decrements in single bouts of intensive short-duration exercise. 
However, the analyses yield a plausible hypothesis for a causal role of marginal B-
complex vitamin deficiency in the observed decrements We hypothesize that the 
absence of vitamin-specific effects on performance may be caused by quantitatively 
similar but non-additive effects of the B-vitamins studied on mitochondrial handling 
of reducing equivalents and consequently on muscle tissue redox state 
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CHAPTER 6 
Combinations of low thiamin, riboflavin, 
vitamin B-6 and vitamin С intake 
among Dutch adults 
(Dutch Nutrition Surveillance System) 
ErícJ. van der Beek, Michiel R.H. Löwik, Kann F A.M. Hulshof and 
Cor Kistemaker 
Abstract 
Clustering of low vitamin intake may entail a greater functional and/or health risk 
than the summation of separate low intakes may suggest. Therefore, the prevalence 
of combined low thiamin, riboflavin, vitamin B-6 and vitamin С intake in various 
adult sex-age groups in the Netherlands was estimated. Nutritional risks were 
evaluated by comparing the calculated intakes with the recommendations for each 
vitamin. For this purpose the data of a nation-wide food consumption survey among 
5898 subjects were used, which had been collected in 1987/1988 within the 
framework of the Dutch Nutrition Surveillance System. Food consumption data were 
obtained through 2-day dietary records. The respondents were segmented into 
tertiles based on their vitamin intake per MJ to adjust for energy intake. As 
compared with the RDAs, mean overall intake was lowest for vitamin B-6. Based on 
tertile analyses, the risk for inadequate intake was relatively high for vitamin C, small 
for riboflavin and intermediate for thiamin and vitamin B-6. Low vitamin densities 
clustered somewhat since the prevalence of combined low intakes for all four 
vitamins was higher than expected from probability calculations. This 
interdependence was mainly the result of a higher consumption of alcoholic 
beverages and of other food products with a low vitamin density. 
It is concluded that in affluent societies nutritional risk assessment should not be 
based solely on single vitamins but also be oriented at combined low intake levels. 
Introduction 
The water-soluble vitamins thiamin, riboflavin, vitamin B-6 and vitamin С are 
involved in mitochondrial energy metabolism, and hence in the functioning of the 
human body. Besides their specific metabolic roles, the water-soluble vitamins are 
71 
considered to contribute to the development of chronic diseases. For instance, 
epidemiological data suggest that low vitamin С intake may increase the risk for 
cancer (1) and ischaemic heart disease (2). These effects are attributed to the 
antioxidant properties of vitamin С (3, 4). Severe vitamin deficiencies result in 
specific clinical signs and symptoms (5) and in impairment of human functions (6). 
In present-day affluent societies severe vitamin deficiencies are rare. However, a low 
prevalence of severe vitamin deficiencies in a population indicates that a much larger 
number of people suffer from marginal vitamin deficiencies. In particular thiamin, 
riboflavin, vitamin B-6 and С intake levels tend to be marginally deficient in 
industrialized countries owing to unhealthy food choices and refinement of products 
resulting in low intakes (7). Indeed, single marginal deficiencies for each of these 
vitamins have been observed in several countries in both young and elderly people 
(8-14). Knowledge on the health and functional consequences of these findings is 
limited. Single marginal vitamin deficiency may affect physical and cognitive 
performance (15) and immunocompetence (16, 17). Combinations of low vitamin 
intakes may have a greater impact on the functional and/or health status (synergistic 
effects) than the sum of the separate effects (additive effects). Recently, we found in 
a depletion experiment that a combined marginally deficient status for thiamin, 
riboflavin, vitamin B-6 and vitamin С resulted in a decrease of physical performance 
(18). However, information on the prevalence of combined low intakes of these 
vitamins or of their marginal status in affluent societies is not available. Therefore, 
we decided to study the prevalence of combined low vitamin intakes among adults 
who had participated in the 1987/1988 Dutch National Food Consumption Survey 
(DNFCS). 
Materials and methods 
Study population and data collection 
As part of the Dutch nutrition surveillance system, the Dutch National Food 
Consumption Survey (DNFCS) was conducted in the Netherlands in 1987/1988 (19, 
20). The nation-wide DNFCS covers 2203 households selected from a stratified 
probability sample of non-instutionalized households in the Netherlands. Actually, 
5898 persons in the selected households, aged 1-85 years, recorded their food intake 
on two consecutive days (response rale 81%). The methods regarding sampling 
procedures and dietary data collection have been described in detail elsewhere (19). 
In the present study only the data of adults (aged 22 and over) were used since 
requirements for energy and nutrients differ substantially among children and 
adolescents within small age ranges. Classification of the respondents in the sex-age 
strata of the Dutch RDAs would result in small sample sizes resulting in unstable or 
even invalid outcomes regarding combinations of low vitamin intake levels. Pregnant 
women, vegetarians and people on a dietary regimen were also excluded. These 
groups are known to differ in food consumption pattern from the general population 
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and may affect the homogeneity of the sex-age groups studied. In total, 3353 
individuals remained for analysis. Because of expected physiological differences in 
energy and nutrient requirements, the sample was stratified by age (22-49 years, 
50-64 years, 65 years and over) and sex, in conformity with the classification used in 
the current Dutch RDAs (21). 
Data analysis 
For each individual the average intake of food products and nutrients over two days 
was calculated and expressed as intake per day. The food products were categorized 
into 23 major food groups, classification being based on similarity in nutrient 
composition and/or origin. Dietary supplements were not included in the calculation 
of nutrient intakes. The mean absolute intake of thiamin, riboflavin, vitamin B-6 and 
vitamin С as well as their densities (intake per MJ) were calculated for the various sex-
age groups. Furthermore, riboflavin and vitamin B-6 intake per gramme protein were 
calculated. The respondents in each sex-age group were segmented into tertiles 
based on their vitamin intake level. To adjust for differences in energy intake the 
segmentation was based on vitamin intake per MJ. To estimate the prevalence of 
combined low vitamin intakes three groups of lower tertile combinations were 
formed: combinations of four lower tertiles (low-intake (LI) combination); 
combinations of two or three lower tertiles (medium-intake (MI) combination) and 
combinations of one lower tertile plus the remainder of the sample (high-intake (HI) 
combination). For each tertile combination the average intake of foods and nutrients 
per day was calculated. Statistical analysis of significant differences was not 
performed since the classification of subjects was based on the vitamin density of 
their diet and it was expected that those having a diet with a low vitamin density 
would also have a somewhat lower absolute intake of vitamins. Testing for 
significance would falsely suggest that the various groups were obtained through a 
random sampling procedure. 
Results 
Table 1 presents the means and standard deviations for the intake of energy and of 
thiamin, riboflavin, vitamin B-6 and vitamin С in population groups in absolute and 
relative terms. In addition, the RDAs for each vitamin are given. In general, men had 
higher energy and absolute vitamin intakes than women. In both sexes mean energy 
and absolute vitamin intakes were highest in the younger age groups. However, when 
vitamin intake was expressed per MJ the differences were much smaller and less 
consistent. Vitamin С intake was higher in the oldest age groups, especially in the 
female groups. In most female age groups diets had a higher vitamin density for each 
of the vitamins than diets in the male groups. The intake data for thiamin, riboflavin 
and vitamin B-6 approximated a normal distribution. The distribution of vitamin С 
intake data was positively skewed. 
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Tabic 1 Mean daily energy, thiamin, riboflavin, vitamin B-6 and vitamin С intake according to sex and age 
Nutrient 
Men 
Emrgw MJ 
Thiamin 
in mg 
in mg/MJ 
Riboflavin 
in mg 
in μg/g protein 
in mg/MJ 
Vitamin B-6 
in mg 
in μg/g protein 
in mg/MJ 
Vuamin С 
in nig 
in mg/MJ 
Women 
Energy, MJ 
Thiamin 
in mg 
in mg/MJ 
Riboflavin 
in ing 
in μg/g protein 
in mg/MJ 
Vitamin B-6 
in mg 
in μg/g protein 
in mg/MJ 
Vitamin С 
in mg 
in mg/MJ 
2 2 - 4 9 > 
η = 1145/1171' 
RDA 
11 1 
1.1 
0 10 
1 6 
-
. 
1.5 
20 
. 
70 
-
8.7 
1.0 
0 10 
1.3 
-
-
1.2 
20 
-
70 
-
mean 
1 2 0 
1 28 
0.11 
1.86 
20 8 
0.16 
1.56 
17.4 
0.13 
74.0 
6 4 
9.0 
1 01 
0 11 
1 49 
20 9 
0.17 
1.23 
17 2 
0 14 
66 7 
7.8 
1 
SD 
2 9 
0 43 
0.04 
0.64 
5 6 
0 05 
0 52 
4 4 
0 04 
57 6 
5.4 
2 3 
0 34 
0 04 
0 53 
5 9 
0 06 
0 39 
4 3 
0.04 
46.6 
5 9 
5 0 - 6 4 yr 
η = 325/360 
RDA 
10.1 
1 0 
0.10 
1 6 
-
1.4 
20 
-
70 
-
8.2 
1.0 
0 10 
1 3 
-
-
1.2 
20 
-
70 
-
mean 
1 0 9 
1 23 
0 11 
1.70 
20 2 
0.16 
1.53 
18.1 
0.15 
79.0 
7 7 
8.4 
1.05 
0 13 
1.49 
21 6 
0.18 
1.32 
1 8 9 
0 16 
87 9 
11 0 
SD 
2.7 
0.41 
0.04 
0 53 
5.0 
0.04 
0 46 
4 6 
0 05 
55 5 
6.1 
2.2 
0.35 
0.04 
0.49 
7 7 
0 05 
0.42 
4 2 
0.05 
55 8 
7.4 
£ 6 5 vr 
η = 182/170 
RDA 
8 8 
1 0 
0 12 
1.5 
-
-
1.2 
20 
-
70 
-
7.8 
1.0 
0.12 
1.3 
-
-
1 0 
20 
. 
70 
-
mean 
1 0 6 
1.15 
0.11 
1.68 
20.8 
0.16 
1.52 
1 8 7 
0.15 
82 5 
8 0 
8.2 
0.99 
0 12 
1.44 
21 5 
0 18 
1 27 
18.8 
0.16 
91 1 
11 5 
SD 
2.7 
0 37 
0 04 
0.53 
5 2 
0 04 
0.50 
4 6 
0.04 
60.3 
5.9 
2 0 
0 32 
0 04 
0.45 
6 2 
0 06 
0.41 
4 6 
0.05 
55 8 
8.0 
1
 Number of male/female subjects. 
Table 2 summarizes the means and standard deviations of the absolute vitamin 
intakes in the different sex-age groups as well as for the tertiles (based on their 
vitamin intake per MJ). The mean vitamin intakes and standard deviations in the 
lower tertiles were smaller than those in the upper tertiles, while the medium tertiles 
had an intermediate position. A similar observation (lower values in the lower 
tertiles) was made for the intake of riboflavin and vitamin B-6 when expressed per 
gramme of protein. These results indicate a positive association between absolute 
vitamin intake and vitamin density of the diet. Absolute intake as well as intake per 
gramme of protein was lower at a lower vitamin density. 
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Tabic 2. Mean daily thiamin, riboflavin, vitamin B-6 and vitamin С intake according to sex, age group and intake 
level (classification based on mean intake per MJ of two days) Tcrtilcs arc indicated as L (lower), M (middle) and 
U (upper) 
Nutrient 
Men 
Thiamin 
ш mg 
Thiamin 
in mg/MJ 
Riboflavin 
in mg 
Riboflavin 
mp-g/g 
protein 
Vitamin B-6 
in mg 
Vitamin B-6 
ιnμg/g 
protein 
Vitamin С 
in mg 
Women 
Thiamin 
in mg 
Thiamin 
in mg/MJ 
Riboflavin 
in mg 
Riboflavin 
'mßglg 
protein 
Vitamin B-6 
in mg 
Vitamin B-6 
i i ^ g / g 
protein 
Vitamin С 
in mg 
L 
M 
U 
L 
M 
и 
L 
M 
U 
L 
M 
U 
L 
M 
U 
L 
M 
U 
L 
M 
U 
L 
M 
U 
L 
M 
U 
L 
M 
U 
L 
M 
U 
L 
M 
U 
L 
M 
U 
L 
M 
U 
2 2 - 4 9 
η 
379 
384 
382 
379 
384 
382 
347 
397 
401 
347 
397 
401 
342 
392 
411 
342 
392 
411 
336 
414 
395 
388 
392 
391 
388 
392 
391 
360 
410 
401 
360 
410 
401 
374 
382 
415 
374 
382 
415 
372 
396 
403 
У 
mean 
0.97 
1 27 
1.60 
0.08 
0.10 
0 15 
1 43 
1.79 
2.31 
17.0 
20 3 
24.7 
1 13 
1.56 
1 91 
13 5 
1 7 3 
20.7 
24.9 
58 3 
132.2 
0 78 
0 98 
1.29 
0 08 
0 1 1 
0 16 
1.12 
1.45 
1 86 
16 7 
20 2 
25.3 
0.95 
1.23 
1 47 
13.9 
17.0 
20.4 
25.6 
56.1 
115.1 
SD 
0.25 
0.32 
0.43 
0 01 
0.01 
0.03 
0 37 
0.42 
0.71 
3 5 
3.9 
5.9 
0 32 
0 38 
0.49 
3.1 
2 9 
3 7 
11 0 
19.8 
58.5 
0 21 
0.23 
0 34 
0 01 
0 01 
0.03 
0.34 
0.34 
0.59 
3.9 
3 8 
6.3 
0.29 
0 29 
0.39 
3.0 
3.1 
3.7 
11.7 
16.6 
43.5 
η 
108 
108 
109 
108 
108 
109 
102 
ПО 
113 
102 
ПО 
113 
102 
104 
119 
102 
104 
119 
96 
116 
113 
120 
120 
120 
120 
120 
120 
ПО 
124 
126 
ПО 
124 
126 
108 
129 
123 
108 
129 
123 
116 
122 
122 
5 0 - 6 4 уі 
mean 
0 92 
1 22 
1.54 
0 08 
0 Π 
0 16 
1.34 
1 70 
2.02 
16.1 
20 7 
23.3 
1 18 
1.57 
1 79 
14.6 
1 7 9 
21 5 
31.1 
63.7 
135.4 
0.82 
1.02 
1.31 
0 09 
0 12 
0.17 
1.16 
1.46 
1.79 
18 0 
21 2 
25 1 
1.02 
1.34 
1.58 
15.4 
19.1 
21.7 
38.8 
76.8 
145.7 
SD 
0.24 
0.28 
0.44 
0 0 1 
0 01 
0.03 
0 37 
0 40 
0 56 
3 1 
4.0 
4 7 
0 32 
0 35 
0 46 
2 7 
2 5 
5 0 
1 2 8 
1 7 0 
55 2 
0 22 
0 28 
0 34 
0 01 
0 01 
0.03 
0 34 
0.35 
0 53 
10.7 
3 8 
5.8 
0.32 
0.31 
0.42 
3.2 
3.0 
4.0 
15.2 
22.2 
52.3 
г б 5 
η 
60 
61 
60 
60 
61 
61 
55 
64 
63 
55 
64 
63 
54 
62 
65 
54 
62 
65 
54 
65 
63 
56 
57 
57 
56 
57 
57 
53 
54 
63 
53 
54 
63 
49 
58 
63 
49 
58 
63 
54 
57 
59 
У 
mean 
0 87 
1.16 
1 43 
0 08 
0.10 
0 15 
1 34 
1.59 
2 07 
1 6 4 
20.3 
25.0 
1 11 
1 47 
1 90 
14.7 
18.4 
22 2 
28 3 
67 2 
144 6 
0 70 
1.00 
1 28 
0 08 
0 12 
0.17 
1 11 
1 40 
1 74 
17.3 
20 9 
25 5 
0.93 
1 22 
1 58 
15.1 
18 1 
22.4 
39.7 
81.4 
147.3 
SD 
0 23 
0 28 
0.35 
0.01 
0 01 
0 03 
0 39 
0 38 
0 51 
3 0 
3 3 
5 1 
0 32 
0.33 
0 46 
2 9 
3 1 
3.9 
12.4 
23 7 
56.4 
0.20 
0 22 
0 25 
0 01 
0 01 
0 03 
0 30 
0.25 
0 49 
3 4 
5 9 
5.8 
0.27 
0 30 
0 35 
3 6 
3.2 
3.8 
20.2 
26.2 
47 7 
Table 3 Mean daily energy thiamin, riboflavin, vitamin B-6 and vitamin С intake according to sex, age group and 
combinat ion of intake level (classification based on mean intake per MJ over two days). ' 
Nutrient 
Men 
Low 
Energy 
Thiamin 
Riboflavin 
Vitamin B-6 
Vitamin С 
Medium 
Energy 
Thiamin 
Riboflavin 
Vitamin B-6 
Vitamin С 
High 
Energy 
Thiamin 
Riboflavin 
Vitamin B-6 
Vitamin С 
MJ 
mg 
mg 
mg 
mg 
MJ 
mg 
mg 
mg 
mg 
MJ 
mg 
mg 
mg 
mg 
2 2 -
n 
-49 > 
mean 
7 5 ( 6 . 6 % ) ' 
13.3 
329 
741 
0.93 
1.43 
1 07 
23.0 
(28.7%) 
12 6 
(64 
1 05 
1 79 
1 30 
48 7 
7%) 
11.6 
1 41 
1 94 
1 73 
90 4 
SD 
2.9 
0 26 
0 38 
0.33 
1 2 3 
2.7 
0 32 
0 59 
0.42 
39.5 
2.9 
0.42 
0 66 
0 49 
60.0 
5 0 - 6 4 yr 
η mean 
1 6 ( 4 9%) 
12.2 
0 86 
1 27 
1 10 
25.5 
110(33.9%) 
11.7 
1.11 
1 67 
1 35 
57.4 
199(61 2%) 
10 4 
1.32 
1.75 
1 66 
95.2 
SD 
3 2 
0.31 
0 39 
0 42 
11.4 
2.7 
0.39 
0 58 
0.46 
43.6 
2.5 
0 40 
0 49 
0 41 
56.6 
ä65yr 
η mean 
6 (3 3%) 
111 
0 81 
1 22 
1 00 
23.6 
59 (32 4%) 
10 9 
1 01 
1.53 
1 27 
55 4 
117(64.2%) 
10 3 
1 26 
1.78 
1.70 
99.1 
SD 
2.6 
0 13 
0.28 
0.27 
7.3 
3.0 
0 34 
0.45 
0.40 
52 1 
2 5 
0 42 
0 54 
0 56 
58.6 
Women 
Low 
Energy 
Thiamin 
Riboflavin 
Vitamin B-6 
Vitamin С 
Medium 
Energy 
Thiamin 
Riboflavin 
Vitamin B-6 
Vitamin С 
High 
Energy 
Thiamin 
Riboflavin 
Vitamin B-6 
Vitamin С 
MJ 
mg 
mg 
mg 
mg 
MJ 
mg 
mg 
mg 
mg 
MJ 
mg 
mg 
mg 
mg 
95 (8 1%) 
10.8 
0 80 
1 20 
0 98 
25 6 
344 (29.4%) 
9 6 
0.87 
1.40 
1.06 
46.2 
732 (62 5%) 
8.5 
1.11 
1 57 
1 34 
81.7 
3.1 
0.26 
0 40 
0 36 
1 2 9 
2.3 
0.29 
0 48 
0.37 
33 2 
2.0 
0.33 
0.55 
0 36 
47.8 
21(6 .1%) 
9.2 
0.75 
1 15 
0.94 
39 1 
114(31.7%) 
9 3 
0 93 
1 47 
1 21 
66.0 
225(62.5%) 
7.9 
1.14 
1 53 
1 41 
103.5 
2.6 
0.26 
0.38 
0.37 
22 4 
2 2 
0 30 
0 46 
0.40 
40.6 
2.0 
0.35 
0 50 
0.40 
58.2 
10(5 9%) 
8 5 
0 69 
1.12 
0 81 
33.4 
56 (32 9%) 
8.7 
0 85 
1 28 
1.12 
65 l 
104 (61 2%) 
7.9 
1 10 
1.55 
1 39 
110 6 
1 7 
0.15 
0.26 
0.20 
20 4 
2 3 
0.31 
0.43 
0 38 
41.4 
1 8 
0.29 
0.43 
0.37 
55.1 
1
 Low = combination of four lower tertilcs, Medium = combination of two or three lower tertilcs, High = one 
lower tcrtilc plus the remainder of the sample 2ln parenthesis: percentage of the total sample in a particular 
subgroup 
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Table 4. Contnbution of selected food groups to energy intake (in %) according to sex. age group and 
combination of vitamin intake level tertiles. ' 
Variable 
Low 
Number of observations 
Alcoholic beverages 
Meat/fish/eggs 
Nuts and savoury snacks 
Dairy products 
Vegetables/pulses/fruits 
Potatoes 
Medium 
Number of observations 
Alcoholic beverages 
Meat/fish/eggs 
Nuts and savoury snacks 
Dairy products 
Vegetables/pulses/fruits 
Potatoes 
High 
Number of observations 
Alcoholic beverages 
Meat/fish/eggs 
Nuts and savoury snacks 
Dairy products 
Vcgetables/pulses/fruits 
Potatoes 
22-49 yr 
men 
75 
12.2 
11.9 
8.6 
9.7 
1.9 
5.4 
329 
10.9 
13.3 
5.5 
13.1 
2.6 
4.7 
741 
6.5 
15.6 
3.8 
14.8 
4.5 
5.4 
women 
95 
6.3 
10.4 
10.0 
13.4 
2.0 
5.4 
344 
5.5 
12.8 
6.4 
14.4 
3.1 
5.2 
732 
3.5 
15.6 
3.7 
16.8 
5.7 
5.1 
50-64 yr 
men 
16 
15.0 
17.0 
4.8 
7.6 
1.1 
3.6 
110 
7.5 
15.0 
3.8 
13.4 
3.3 
3.7 
199 
5.7 
16.6 
2.1 
15.6 
5.0 
5.5 
women 
21 
6.4 
13.1 
4.8 
13.9 
2.3 
4.3 
114 
5.2 
14.6 
3.2 
15.0 
7.4 
4.1 
225 
2.5 
16.7 
2.5 
16.6 
7.2 
5.2 
^65 yr 
men 
6 
7.2 
18.4 
11.2 
10.1 
2.1 
3.6 
59 
8.7 
14.6 
2.6 
14.2 
3.6 
3.8 
117 
3.6 
16.2 
2.1 
15.5 
5.7 
5.5 
women 
10 
5.4 
11.3 
3.2 
12.1 
5.4 
3.0 
56 
4.0 
13.1 
3.6 
15.0 
5.4 
3.5 
104 
2.6 
16.6 
2.1 
16.3 
7.4 
4.9 
1
 Low = combination of four lower tertiles; Medium = combination of two or three lower tertiles; 
High = one lower tertile plus the remainder of the sample. 
Table 3 presents mean daily energy, thiamin, riboflavin, vitamin B-6 and vitamin 
С intake levels according to combinations of lower vitamin intake tertiles for the 
various sex-age groups. Mean energy intake was highest in the LI combination. The 
lowest mean energy intake was observed among those belonging to the HI 
combination. The subjects combining two or three lower vitamin intake tertiles had 
an intermediate energy intake (MI combination). In this group the most prevalent 
low-tertile combinations (г10%) among men were combinations of thiamin and 
riboflavin; thiamin and vitamin B-6; thiamin, riboflavin and vitamin B-6; and 
thiamin, vitamin B-6 and vitamin С The latter three low-tertile combinations were 
most prevalent among women, too. Combinations with vitamin С were less 
frequently observed. 
The mean contribution of alcoholic beverages to energy intake was almost twice 
as high in the LI combination as in the HI combination (Table 4). Furthermore, 
there was an increasing trend in the contribution of dairy products (cheese included) 
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and of vegetables, pulses and fruits to energy intake and a decreasing trend in the 
contribution of nuts and savoury snacks from the LI to the HI combination. The 
contribution of meat, fish and eggs to energy intake showed smaller and less 
consistent differences. As far as food groups contributing considerably (>10%) to 
vitamin intake arc concerned, there was an increasing trend in the mean contribution 
of meat, fish and eggs and of vegetables, pulses and fruits to thiamin intake among 
both men and women from the LI to HI combination. The same held for the mean 
contribution of dairy products to riboflavin intake and for the mean contribution of 
vegetables, pulses and fruits to vitamin B-6 and vitamin С intake. The intake of fat 
and carbohydrate as a percentage of total energy intake did not differ substantially 
among the combinations. However, the contribution of protein to total energy intake 
appeared to be larger in the HI combination than in the LI combination (results not 
shown). 
Discussion 
In principle, all individuals should have a vitamin intake corresponding with their 
requirements. Except for vitamin B-6 intake per gramme protein, mean intake levels 
for thiamin, riboflavin, vitamin B-6 and vitamin С were equal to or higher than their 
age- and sex-specific recommendations (21). When mean vitamin intake values 
correspond with the recommendations it is implicitly assumed that the distributions 
underlying these values do not imply functional and/or health risks for substantial 
parts of the population studied. However, this assumption may be incorrect when the 
intake ranges are relatively large or when the distributions are heavily skewed. The 
latter is associated with an overestimated mean intake in comparison with a normally 
distributed intake. That is why the entire distribution of vitamin intakes may be of 
interest. Because we were interested in qualitative aspects of food intake the intake 
distributions were adjusted for energy intake followed by a segmentation into tertiles. 
Evaluation of nutritional risk associated with the intake levels in the various tertiles 
was based on absolute intakes for riboflavin and vitamin C, vitamin density for 
thiamin and intake per gramme protein for vitamin B-6. Due to the segmentation on 
vitamin density the mean intake of riboflavin and vitamin С may have been 
overestimated somewhat in the lower tertile because the mean absolute levels 
presented are equal to or higher than those based on segmentation on absolute 
intakes. Since nutritional supplements were not taken into account, the intake levels 
may have been underestimated. However, it has been shown that people using 
supplements tend to have a somewhat higher intake of nutrients, so the 
underestimation in lower tertile groups due to supplements is unlikely to be large 
(13). Besides, supplement usage in the Netherlands is relatively low (22). 
The segmentation revealed mean vitamin intakes below the RDAs in most lower-
intake tertiles, suggesting a relatively high prevalence of inadequate intakes in those 
groups. However, these prevalence values should be compared with those expected 
on the basis of the requirement distribution in the total population. The requirement 
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distributions of vitamin С, vitamin B-6 and thiamin have been estimated with 
reasonable confidence (21). Quantitative assessment of the expected prevalence of 
inadequate intakes can thus be made (23). 
The requirement distribution of vitamin С indicates that 2.5% of the adult 
population is expected to have a requirement below 30 mg/day (21). The data 
indicated that the estimated prevalence of such a low intake was much higher in all 
age sex-specific population groups, namely 9-23% corresponding with 30-70% in the 
lower-tertile sub-populations. 
For thiamin, 2.5% of the adult population under 65 years is expected to have a 
requirement below 70 μg/MJ (21). The estimated prevalence of such a low intake in 
the sex-age specific populations varied between 5% and 10%. As a consequence, the 
estimated prevalence of inadequate intake in the lower-tertile sub-populations was 
15-30%. A more pronounced discrepancy was found in the population over 65 years 
of age as the lower limit of the requirement range (95 μg/MJ) is considerably higher 
than for younger adults (21). About 36% of the elderly men and 32% of the elderly 
women had an intake below 95 μg/MJ which corresponds with the entire lower 
tertile. 
The estimated prevalence of a vitamin B-6 intake below 10 μg/g protein was close 
to the expected 2.5%, and the risk of an inadequate intake was not misrepresented by 
the long-tailedness of the intake distribution. However, the overall mean intake per 
gramme protein was substantially below the Dutch RDA, suggesting an increased 
overall risk for inadequate intake. 
The requirement distribution for riboflavin is not known. As the mean intakes 
were considerably above the RDAs, the prevalences of inadequate intake will have 
been low or absent. 
A major problem with the prevalence of low intake levels is the so-called 
regression-to-the-mean phenomenon (24, 25). When the habitual intake is the 
appropriate time-frame for assessment, regarding functional and/or health risks, the 
prevalences of low intakes are expected to be lower. In the Dutch RDAs no 
indication is given for the number of days an assessment has to be based on (21). The 
most recent RDAs of the USA are based on intakes averaged over at least 3 days for 
most nutrients, and over even longer periods of time for some nutrients such as 
vitamin A (26). The period of time on which average values should be based depends 
on the expected functional and/or health effects, the size of the body pool, and the 
rate of turnover of that nutrient. Of the vitamins studied vitamin С can be stored in 
relatively large quantities. If the vitamin С requirement is not met on a particular day, 
body stores will compensate for inadequate intake. Assessment needs to cover more 
than two or three days before functional and/or health risks are likely to be associated 
with a calculated low intake. Thiamin, riboflavin and vitamin B-6 are stored less 
extensively and hence fewer days of low intake may introduce functional and/or 
health risks. These considerations indicate that the prevalence values based on two-
day records for vitamin С probably suggest a higher functional and/or health risk. 
However, the observation that low vitamin intakes are associated with smaller within-
subject variation than high vitamin intake levels (27-29) shows that the effect of 
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regression to the mean should not be overestimated Confirmation for this notion 
can be found in the fact that the smallest standard deviations were found in the lower 
tertiles (Table 2) 
Based on probability calculations, 1 2% of the total population is expected to be 
in the LI combination groups, 39 5% in the MI groups and 59 3% in the HI groups 
These figures differ substantially from the percentages observed for the various 
groups The actual proportion of the total population in the LI groups was higher 
than expected (overall mean 5 8%) and the proportion in the MI groups was lower 
than expected (overall mean 31 5%) The overall mean proportion of the population 
in the HI groups fairly met the expectation (62 7%) These observations suggest an 
interdependence among vitamin densities due to the choice in food groups varying in 
terms of food quality 1 he decreasing trend of vitamin density and the increasing 
trend of energy consumption from the HI to LI combination suggest the effect of 
food products with a high energy value relative to vitamin content Consumption of 
energy-rich alcoholic beverages dilute nutrients from other food sources and may be 
responsible for the observed phenomenon, as has been described previously (30-32) 
However, consumption of alcoholic beverages could not fully explain the differences 
in energy intake between LI and HI groups In the male groups alcoholic beverages 
accounted for 51-69% of the differences in energy intake and in the female groups 
for 17-44% As alcoholic beverages contain hardly any vitamins, it can be assumed 
that a substantial part of the differences in energy and vitamin intake between LI and 
HI groups are to be attributed to other food products as well Our results show that 
both products of animal origin and products of vegetable origin are responsible for 
this An increasing trend in the contribution of dairy products, vegetables, pulses and 
fruits and, to a lesser degree, in that of meat, fish and eggs to both vitamin and 
energy intake supports this assumption 
With respect to alcoholic beverages an effect of weekend days has been observed 
in the Dutch National Food Consumption Survey (29, 33) Therefore, not only 
differences between individuals, but also differences between days of the week may 
be reponsible for the assignment of individuals to the various groups of lower-tertile 
combinations If weekend days are overrepresented in the LI groups, 'binge 
drinking' (34) may result in a short-term effect on nutritional quality in those 
groups Whether these short-term decrements of nutritional quality - often returning 
every week - are associated with the same functional and/or health risks as assumed 
for habitual alcohol consumption is not known The observed negative relationship 
between consumption of alcoholic beverages and nutritional quality of diets has been 
described for data on habitual consumers of alcohol (30-32) Therefore, weekend 
days do not explain the observations completely 
With regard to the functional and/or health risks associated with the groups of 
lower-tertile combinations some remarks have to be made As the segmentation was 
based on tertiles of the intake distribution, these combinations of vitamin intake 
levels were grouped unweighted for differences in distance between requirement and 
intake distributions, in range in requirement distributions, and in requirement 
definitions As discussed, the largest overlap between vitamin intake and 
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requirement distributions were found for vitamin С and the smallest one almost 
certainly for riboflavin, the overlaps for thiamin and vitamin B-6 had intermediate 
positions As regards differences in requirement definitions, the entena underlying 
the Dutch RDAs are tissue saturation for vitamin С and riboflavin and prevention or 
elimination of the appearance of biochemical indicators of deficiency without the 
need of tissue saturation for thiamin and vitamin B-6 (21) In addition, tissue 
saturation for vitamin С corresponds with a specified store in body tissues (1500 mg) 
The differences in intake requirement overlaps and in requirement definitions should 
have consequences for the estimation of risks of inadequacy associated with the 
observed vitamin intakes in combined lower tertiles and for the associated functional 
and/or health risks The mean vitamin intakes in lower-tertile combinations were 
above the intakes found to be associated with performance decrements as found in a 
depletion experiment (18) and in the literature on this subject (15) However, these 
experiments have studied short-term effects only (several months at the most) 
Therefore, no adequate assessment of functional and/or health risks associated with 
lower-tertile combinations can be made, additive or even synergistic effects cannot be 
identified from these data 
In summary, our data based on the Dutch National Food Consumption Survey 
indicate that the mean overall intakes expressed as a percentage of the RDAs were 
lowest for vitamin B-6, suggesting an increased risk for inadequate intake Based on 
tertile analyses, the risk for inadequate intake was relatively high for vitamin C, small 
for riboflavin and intermediate for thiamin and vitamin B-6 Low vitamin densities 
cluster somewhat in the Dutch diet since the prevalence of combinations found was 
higher than expected on the basis on probability calculations This interdependence 
can be attributed to a decrease in consumption of alcoholic beverages and of other 
food products with a low vitamin density from low-intake to high-intake groups As 
the assignment to groups of combined low vitamin intakes was not weighted tor 
differences between intake and requirement distributions and for requirement 
definitions, adequate assessment of functional and/or health nsks could not be made 
It is concluded that in affluent societies nutritional risk assessment should not be 
based solely on single vitamins, but also be oriented at combined low intake levels 
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CHAPTER 7 
General discussion and conclusions 
Epidemiological studies have shown that the intake of thiamin, riboflavin, vitamin B-
6 and vitamin С may be marginally deficient in affluent societies due to improper 
food choices or food preparation habits. However, the consumer risks are not well 
understood. The aim of the studies reported in this thesis was to investigate the 
effects of restricted single or combined intakes of these vitamins on physical 
performance capacity. Furthermore, it was studied whether particular Dutch 
population groups did have an increased risk for inadequate vitamin intake. 
Vitamin-restricted diets and vitamin status 
A remarkable and consistent finding in our studies was that consumption of vitamin-
restricted diets, composed of normal food products, resulted in a decrease of vitamin 
status within 3 to 5 weeks. Compared to the Dutch dietary recommendations of 1983 
(1), the diets provided less than 40% of the RDAs for the vitamins studied, with the 
exception of riboflavin (59% of RDA) in the last experiment (Chapter 5). Relative to 
the Dutch dietary recommendations of 1989 (2), the lowest intakes (in % of RDA) 
were provided for vitamin B-6 and vitamin С The requirements of thiamin, vitamin 
B-6 and vitamin С have been established with reasonable confidence (2). The intakes 
chosen for the experiments were below the lowest 2.5% segment of the requirement 
distributions (P 2.5) (2), so that the individual risk for an inadequate intake was high. 
These low intakes resulted in changes in all measured values for vitamin variables in 
blood and urine of the volunteers. However, the interindividual variation in 
magnitude and rapidity of vitamin depletion in restricted subjects was relatively high. 
Interindividual differences in determinants of requirement, such as vitamin 
bioavailability and adaptive responses to restricted intake (Chapter 2), resulting in 
differences between individual requirement and actual vitamin intake, may explain 
this observation. 
Despite the low intakes, several subjects did not reach values assumed to be 
indicative of deficiency for the vitamins studied, especially for the biochemical 
indicators in blood. Furthermore, there appeared to be differences between findings 
for vitamins within studies as well as between findings for the same vitamins among 
studies, especially for the В vitamins in the studies described in Chapters 3 and 5. 
This may partly be the result of differences in vitamin intake between studies, as 
holds particularly for riboflavin. Changes in analytical procedures and techniques and 
in reference values cannot be excluded completely, as both occurred in the course of 
our studies, especially for 'static' and 'functional' indicators (3, 4) of riboflavin and 
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vitamin B-6 status. Recently, it has been shown that activation coefficients of specific 
enzymes in blood may reflect vitamin intake better during a constant dietary regimen 
than the concentrations of the vitamins in blood (5). The decrease of PLP levels in 
blood of the control group in the first depletion experiment (Chapter 3) and the 
increase in FAD and PLP levels in the non-restricted groups of the last experiment 
(Chapter 5), who had a vitamin intake corresponding with twice the RDA during the 
entire studies, may not correspond with a decrease or increase in their respective 
status as the activation coefficients did not change. This makes it unlikely that the 
large number of individuals with deficient FAD levels at the start of the experimental 
period of the last experiment were really marginally deficient, in view of a one-week 
2χ RDA riboflavin supplementation (Chapter 5). Almost half of these subjects 
showed deficient values at the moment of screening, which is surprising because 
riboflavin intake is assumed to be adequate for most Dutch adults (Chapter 6). It 
may be questioned whether the indicators of riboflavin status applied and, to a lesser 
extent, the indicators of vitamin B-6 status are specific enough. Finally, it is unlikely 
that the differences among studies were affected by the duration of experimental 
periods. The studies lasted two to three months which may be a period of sufficient 
duration to stabilize vitamin status on a restricted intake as indicated by stabilization 
of activation coefficients. 
The inconsistencies described above may call for some caution in the 
interpretation of diagnostic tests of marginal vitamin status. Ideally, reference or cut­
off values are derived from selected individuals in good health and with well 
described dietary habits. Often they represent a particular percentile value such as 
the highest or lowest 2.5% segment (P 2.5 or Ρ 97.5, respectively) of the distribution 
of the indicators of vitamin status in the population studied. Especially an accurate 
description of the diet is difficult to fulfil due to the lack of data, as holds for the 
reference values used by us which are derived from regular blood donors (4). 
The usefulness of cut-off points is determined, among other things, by the 
sensitivity and specificity (the two components of validity) of a diagnostic test. 
Sensitivity is defined as the probability that a vitamin-deficient person will be 
classified correctly as vitamin-deficient; specificity is defined as the probability that an 
adequately nourished person will indeed be classified as such. However, the clinical 
concern is not only related to sensitivity and specificity, but also, and even more so, 
to the implications of positive and negative results for health consequences 
associated with a particular level, i.e. the predictive value of a diagnostic test with 
respect to health or disease. Prevalence of (marginal) vitamin deficiency in a 
population as well as sensitivity and specificity of a diagnostic test influence the 
magnitude of the positive and negative predictive values (6, 7). A positive predictive 
value represents the probability of an individual to be (marginally) vitamin-deficient 
given a (marginally) deficient test result; a negative predictive value is defined as the 
probability of an individual to be not (marginally) deficient given a not (marginally) 
deficient test result. For rare disorders, however, the major determinant of the 
positive predictive value is the prevalence, as a low prevalence will result in a low 
predictive value even if the diagnostic test is highly sensitive and specific. The real 
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prevalence of (marginal) deficiency in target populations is often unknown due to the 
absence of a 'golden standard' or of a sharp transition point from adequate to 
inadequate vitamin supply or vitamin status, which interferes with the determination 
of sensitivity, specificity and predictive values. 
Although the number of subjects who participated in our studies was small, we 
made calculations of sensitivity, specificity and predictive values in order to estimate 
the effectiveness of the applied vitamin variables in blood in classifying individuals 
with an inadequate vitamin intake. For this purpose we used the vitamin variables in 
blood of experimental and control subjects of the three studies as measured at the 
end of the eperimental periods (Chapters 3-5). As a consequence of the study 
designs applied the prevalence of inadequate vitamin intake was 50% in all studies. 
Riboflavin and vitamin B-6 variables of the last experiment were excluded because 
several subjects apparently did not reach deficient values and/or had already deficient 
values at the start of the experimental period (Chapter 5). For thiamin, sensitivity 
values between 58% and 100% were found (Chapters 3 and 5). For riboflavin, 
sensitivity values were found between 33% and 58% (Chapter 3); for vitamin B-6, the 
values were between 92% and 100% (Chapter 3) and for vitamin С between 67% and 
100% (Chapters 3 and 4). For all variables specificity values of 100% were observed. 
Due to the high prevalence of inadequate vitamin intake, high positive predictive 
values could be expected (all 100%) (8). In general, parallel testing (multiple single 
variables measured at one moment) will result in increased sensitivity compared with 
each individual test (8). As regards parallel testing, 75% to 92% of the vitamin-
restricted subjects showed combinations of 2 or 3 deficient values of vitamin status 
parameters for each В vitamin studied (Chapters 3 and 5). 
In conclusion, the consequence of the lower sensitivity in comparison with the 
specificity values of the indicators of vitamin status applied is that several subjects on 
a vitamin-restricted diet have been classified erroneously as well-nourished (false-
negatives). Adjusting the cut-off points in the sense of making the criterion of 
vitamin deficiency less stringent will unevitably mean that more individuals who have 
an inadequate diet will be identified as such (increased sensitivity). On the other 
hand, altering the criterion of vitamin deficiency in this way will decrease the 
specificity and hence increase the number of adequately nourished individuals who 
are erroneously classified as vitamin-deficient (false-positives). 
A re-evaluation of the current indicators of vitamin status and cut-off points 
seems indicated in order to quantify their sensitivity, specificity and predictive values 
at other levels. This suggestion is supported by the biochemical data of our depletion 
experiments (Chapters 3 and 5). The small or absent overlap of the levels at the 
extremes of the distributions of indicators of vitamin status found in blood of 
deficient and control subjects suggests that cut-off points can be defined more 
appropriately than they are now (Tables 1 and 2). Although the number of subjects 
in our studies was small, it is proposed that the cut-off points for vitamin levels which 
are indicative of marginal vitamin deficiency be raised and those for the activation 
coefficients lowered. The observation that the highest a-EGOT among independently 
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Table 1 Ranges of levels of vitamin status parameters in blood of the depletion and control groups at 
the end of the experimental period of the study described in Chapter 3 and statistical cut-off values 
Variable 
Thiamin 
ThDP (nmol/1) 
ct-ETK 
Riboflavin 
FAD (nmol/1) 
a-EGR 
Vitamin B-6 
PL? (nmol/1) 
a-EGOT 
Vitamin С (μπιοΐ/ΐ) 
Range 
depletion group 
46-109 
1 08-1 45 
200-300 
1 11-1 77 
26-49 
2 0 3 - 3 06 
4 7-15 3 
control group 
106-180 
0 97-1 11 
260-400 
0 76-1 48 
80-137 
1 5 9 - 2 14 
32 4-63 9 
Cut-off value1 
s 85 
> 1 25 
< 2 3 0 
> 1 40 
s 50 
> 2 20 
< 2 0 
Based on healthy blood donors (P 2 5 or Ρ 97 5) 
Table 2 Ranges of levels of vitamin status parameters in blood of the depletion and control groups at 
the end of the experimental period of the study described in Chapter 5, and statistical cut off values 
Variable 
Thiamin 
ThDP (nmol/1) 
a-ETK 
Riboflavin 
FAD (nmol/1) 
a-EGR 
Vitamin В 6 
PLP (nmol/1) 
a-EGOT 
Range 
depletion group 
53-101 
1 13-1 46 
180-280 
1 12-1 28 
29-51 
1 51-2 63 
control group 
110-152 
1 05-1 19 
270-380 
0 86-1 03 
73-156 
1 2 4 - 2 07 
Cut-off value1 
< 101 
> 1 20 
< 2 5 0 
> 1 30 
< 2 6 
> 2 23 
1
 Based on healthy blood donors (P 2 5 or Ρ 97 5) 
living supplemented elderly was lower (namely 2 02) than the cut-off value based on 
blood donors is in line with this proposition (9) 
Vitamin-restricted diet and physical performance 
Combined restriction of thiamin, riboflavin, vitamin B-6 and vitamin С resulted in a 
decrease of physical performance as indicated by decrements in aerobic power ( О^-
max) and onset of blood lactate accumulation (OBLA) (Chapter 3) Cognitive 
functions studied in the same experiment were not affected This suggests that if the 
vitamins affect cognitive functions, these functions are protected at the vitamin 
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intake levels chosen, in contrast to physical performance, or are affected only in the 
long run. Thiamin, riboflavin and vitamin B-6 restriction according to a factorial 
design resulted in smaller but comparable decrements of the physical performance 
parameters (Chapter 5). The decrements in maximal workload and OBLA were 
different. Less clear differences in decrements of oxygen consumption were 
observed. Isolated vitamin С restriction did not affect physical performance. 
However, heart frequency at the OBLA level increased during the experimental 
period (Chapter 4). It has already been discussed that the performance decrements 
may be attributed to interference of vitamin restriction with mitochondral handling of 
reducing equivalents and consequently with muscle tissue redox state (Chapters 2-5). 
This assumption was inferred from the role of the respective vitamins as cofactors for 
various mitochondrial enzymes and from similarities in the way physical performance 
is affected in genetic mitochondrial enzyme defects (Chapters 2-5). However, 
experimental evidence of mitochondrial dysfunction going with marginal vitamin 
deficiency is still lacking. In the first experiment it was assumed that additive and/or 
synergistic effects between the three В vitamins and vitamin С were responsible for 
the observed performance decrements, but the relative contribution of each vitamin 
could only be speculated about (Chapter 3). Interactive effects between vitamins still 
could not be excluded in the vitamin С restriction experiment (Chapter 4). The lack 
of clear effects of single vitamin С restriction is in agreement with other depletion 
studies (Chapter 2). The absence of vitamin-specific effects on performance 
decrements upon thiamin, riboflavin and vitamin B-6 restriction suggested 
quantitatively similar but non-additive effects of these В vitamins on mitochondrial 
metabolism (Chapter 5). The greater decrement of physical performance 
parameters, particularly OBLA, in the first experiment (Chapter 3) and the absence 
of an effect of single vitamin С restriction in the second experiment (Chapter 4) 
suggest that a detrimental effect of vitamin С restriction is dependent on 
simultaneous B-vitamin restriction. This assumed additional effect of vitamin С 
restriction may be the result of interference with carnitine synthesis (Chapter 4). As 
the effects of riboflavin and vitamin B-6 restriction were attributed to interference 
with carnitine synthesis too (Chapter 5), this may be in contradiction with the 
hypothesis of non-additive effects of В vitamins on mitochondrial metabolism. The 
assumed additive effect of vitamin С restriction on decrements of physical 
performance, particularly OBLA, may be attributable to interference with other 
properties of vitamin С that may affect mitochondrial processes such as the 
antioxidative function of ascorbic acid. Vitamin С can interact with and thus spare 
vitamin E (10). An increased oxidant stress due to vitamin С restriction may have an 
indirect effect comparable to the effect of vitamin E deficiency on endurance 
performance in rats (11). Moreover, it has been shown that aerobic power is not 
affected in vitamin E deficiency (12). OBLA has been described as a critical 
determinant of endurance performance. Since the decrements in OBLA differed 
between the studies described in Chapters 3 and 5, this difference may be 
attributable to the increased oxidant stress due to vitamin С restriction. For vitamin 
E deficiency it has been suggested that decreased activity of succinate and lactate 
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dehydrogenase may be responsible for the OBLA decrease, which can be explained 
by their labile SH groups (13, 14). However, information on indirect or even direct 
effects of vitamin С restriction on OBLA during smultaneous B-vitamin restriction is 
not available yet. 
In conclusion, regarding the consideration of additive effects, doubt may be cast 
on the assumption that functional consequences of B-vitamin restriction (thiamin, 
riboflavin and vitamin B-6) depend on the number of vitamins restricted (Chapter 2). 
However, dependence of the effect of vitamin С restriction on simultaneous B-
vitamin restriction cannot be excluded. 
The range in performance decrements observed in the studies described in 
Chapters 3 and 5 was relatively large. There were high and low responders, and even 
several non-rcsponders. The interindividual variation in magnitude of performance 
decrements may be due to differences between vitamin requirement and actual 
intake. Genetic factors may also play a role. To our knowledge, little is known yet 
about genetically determined susceptibility to consequences of vitamin restriction. 
The sensitivity of physical performance parameters to changes in response to training 
is largely genotype-dependent (15). This response is mediated by biochemical 
adaptations in muscle mitochondria (16). It can be hypothesized that the 
'biochemical de-training' induced by vitamin restriction is liable to genetic 
influences too. 
The functional consequences of vitamin rehabilitation were studied in the first 
experiment (Chapter 3) which showed a complete restoration of physical 
performance within two weeks. This finding contradicts the results of population 
studies of much longer duration (Chapter 2). Apart from the possibility of not 
reaching a 'functional threshold', these studies suggest irreversibility of functional 
lesions in long-term marginal vitamin deficiency. 
Relationship between vitamin status and physical performance during 
restricted vitamin intake 
The limitation of the definition of marginal vitamin status (Chapter 1) is that it is 
mainly a statistical phenomenon which is not necessarily related to any 
(patho)physiological or biological (mal)function. Therefore, it has been suggested 
that classification of individuals as adequately nourished or (marginally) vitamin-
deficient should be established by cut-off points based on functional criteria (3). 
However, we could not find any relationship between the magnitude of decrease of 
physical performance on the one hand and indicators of vitamin status on the other, 
although there was considerable variation in individual functional and biochemical 
decrements (Chapters 3 and 5). This may be due to the randomness of 
interindividual variation in the observed decrements. No differences in functional 
performance consequences were observed between those who reached deficient 
values for two or three indicators of all В vitamins studied and those who did not 
fulfil this criterion. In addition, all subjects in both groups had deficient vitamin С 
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values (Chapter 3). The number of subjects may have been too small to study a dose-
response relationship adequately. As there was a combined restricted intake in the 
first experiment (Chapter 3) and there were no main effects in the last experiment 
(Chapter 5), these observations suggest that the functional indicators applied are not 
specific to one vitamin but are indicative of inadequate intake for more than one 
vitamin. In conclusion, contrary to what has been suggested before (3), human 
physical performance is not a reliable parameter yet for vitamin status assessment. 
Risks of combined inadequate vitamin intake in the adult Dutch 
population 
In this thesis the functional consequences of low intakes of thiamin, riboflavin, 
vitamin B-6 and vitamin С are described. To gel some insight into the relevance of 
the observations, the actual intake levels of these vitamins for the Dutch population 
were studied. The data of the Dutch National Food Consumption Survey indicate 
that the mean overall intake as a percentage of the RDAs is lowest for vitamin B-6 
(expressed per gramme of consumed protein) suggesting a relatively high risk for an 
inadequate intake. Based on tertile analyses, the risk for inadequate intake was 
relatively high for vitamin C, small for riboflavin and intermediate for thiamin and 
vitamin B-6. Furthermore, it was found that low vitamin densities cluster somewhat 
in the Dutch diet since a higher prevalence of low density intake combinations was 
found than expected on the basis of probability calculations. As severe vitamin 
deficiencies are rare nowadays, it is reasonable to assume that the intake levels 
observed may result only in marginal deficiencies. Whe have shown that short-term 
combined inadequate intake of vitamins can have functional consequences (Chapters 
3 and 5). However, the intakes applied in these experiments are lower than observed 
in the Dutch National Food Consumption Survey. The risks for acute functional 
consequences in the Dutch population are assumed to be low. However, health risks 
in the long term cannot be excluded as low intakes are associated with an increased 
risk for cancer and ischaemic heart disease. Particularly vitamin B-6 and vitamin С 
are associated with these risks (17-20). The risk for cancer may be mediated by 
interference with immune function in the long term (21-23). The cardiovascular risk 
associated with a marginal vitamin B-6 status is most likely the result of interference 
with homocysteine metabolism (17), whereas the cancer risk is less clear-cut. Both 
effects of low vitamin С intake are attributed to its antioxidant properties (19, 20). 
The health risk of chronic low intake of thiamin and riboflavin is less well 
documented (24, 25). If a chronic low intake of vitamins is proved to entail an 
increased risk for chronic disease, the RDAs should be reconsidered. Possibly, they 
have to be higher than the prevailing ones which are based on tissue saturation 
and/or biochemical normality (Chapter 2). 
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Conclusions and recommendations 
The results of the studies described in this thesis lead to the following conclusions 
and recommendations 
1. A diet composed of regular food products, but restricted in thiamin, riboflavin, 
vitamin B-6 and vitamin С till about one-third of the RDAs, results in a decrease 
of vitamin status within a few weeks for most subjects 
2 This combined vitamin restriction results in impairment of physical performance 
3. It is hypothesized that the impaired physical performance may be attributable to 
interference with mitochondrial metabolism 
4. The absence of B-vitamin-specific effects on performance decrements suggests 
similar, but non-additive, effects of these vitamins on mitochondrial metabolism 
5 It seems that vitamin С restriction has only a detrimental effect on physical 
performance in conjunction with B-vitamin restriction. 
6. A re-evaluation of the current indicators of vitamin status as well as their cut-off 
points is necessary It should be based preferably on controlled experiments with 
a constant, well documented vitamin intake. 
7. Physical performance is as yet not a reliable parameter for vitamin status 
assessment. 
8. Prevalence of combined low vitamin intake is low in the Dutch adult population 
9. The nsk of short-term functional consequences ot combined low vitamin intake 
appears to be small in the Dutch adult population, health risks in the long term 
cannot be excluded 
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Summary 
In present-day affluent societies frank vitamin deficiencies are rare. However, even a 
low prevalence of severe deficiencies in a population is consistent with the notion 
that a much larger number of people may suffer from marginal vitamin deficiencies. 
In other words, severely vitamin-deficient individuals may represent index cases, or 
the tip of the iceberg, in the distribution of vitamin status within a community. A 
marginal vitamin deficiency is characterized by vitamin levels in body fluids and 
tissues below reference limits and by biochemical changes in metabolism without any 
vitamin-specific clinical signs and symptoms of deficiency. Epidemiological studies 
have shown that the intake of thiamin, riboflavin, vitamin B-6 and vitamin С may be 
marginally deficient in affluent societies due to improper food choices or food 
preparation habits. However, the consumer risks for functional and health 
consequences of a marginally deficicnl status are not well understood. The aim of the 
studies reported in this thesis was to investigate the effects of restricted combined 
intakes of these vitamins on functional performance and to study the relative 
contribution of each individual vitamin to the effects of combined marginal 
deficiency. Furthermore, it was studied whether particular Dutch population groups 
have an increased risk for single or combined inadequate intake for each of these 
vitamins. 
Chapter 1 describes the rationale and outline of this thesis. Chapter 2 reviews 
the roles of thiamin, riboflavin, vitamin B-6 and vitamin С in metabolism, their 
requirements and recommendations. Up to now, information on the effects of 
restricted vitamin intake on functional performance in man is limited and studies are 
often not properly controlled. 
In Chapter 3 the results are presented of a double-blind study of combined 
restriction of thiamin, riboflavin, vitamin B-6 and vitamin С with 23 healthy males. 
During 8 weeks of restricted intake, 12 experimental subjects consumed daily a diet 
of normal food products, providing 34%, 28%, 2 1 % and 32% of the Dutch 
Recommended Daily Allowances (RDAs), respectively, for thiamin, riboflavin, 
vitamin B-6 and vitamin C. Other vitamins were supplemented at twice the RDA. 
Eleven control subjects consumed the same diet supplemented with twice the RDA 
for all vitamins. In restricted subjects blood vitamin levels, erythrocytic enzyme 
activities and urinary vitamin excretion decreased significantly, and in vitro 
erythrocytic stimulation increased significantly, the significance level being Ρ < 0.01. 
However, several restricted subjects did not reach deficient blood values for all 
vitamins studied. All subjects reached deficient blood PLP and vitamin С levels. 
Vitamin restriction had no detrimental effects on health, physical activity or mental 
performance. A significant decrease of 10%, 20% and 15% was found for aerobic 
power (V02-max), onset of blood lactate accumulation (OBLA) and oxygen 
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consumption at this power output (VO2-OBLA). No correlation was found between 
the magnitude of performance decrements and biochemical indicators of vitamin 
status in blood. Possible mechanistic explanations were discussed and it was 
hypothesized that the performance decrements may be due to an altered cell redox 
state as a result of interference with mitochondrial metabolism. 
In order to evaluate the relative contribution of each individual vitamin to the 
detrimental effect of the combined restricted intake of thiamin, riboflavin, vitamin B-
6 and vitamin C, two subsequent studies were executed. In Chapter 4 the 
monofactorial effect of vitamin С restriction on physical performance is described. In 
a double-blind study with 12 healthy men 6 subjects were on a daily diet of regular 
food products, providing 20% of the Dutch RDA, for a period of 7 weeks. Other 
vitamins were supplemented at twice the RDA level. After 3 weeks of restricted 
intake an additional vitamin С dose of 15 mg/day was provided, resulting in a total 
intake of 50% of the RDA. Six control subjects consumed the same diet 
supplemented with twice the RDA for all vitamins. In the restricted group blood 
vitamin С levels decreased significantly. Two subjects from this group just did not 
reach the defiency limit. Vitamin С restriction had no harmful effects on health, YOj-
max and OBLA. However, an increased heart rate at OBLA level was observed 
during the period of vitamin С restriction (P<0.Q5), possibly due to interference 
with either catecholamine or carnitine metabolism. It was concluded that short-term 
vitamin С restriction does not affect physical performance in single bouts of intensive 
exercise. 
In Chapter 5 the effects of thiamin, riboflavin and vitamin B-6 restriction on 
physical performance are described. In a double-blind 2x2*2 complete factorial 
experiment 24 healthy men were maintained on a daily diet of regular food products, 
providing 39%, 59% and 26% of the Dutch RDA, respectively, for thiamin, 
riboflavin and vitamin B-6 for a period of eleven weeks. Other vitamins were 
supplemented at twice the RDA level. In vitamin-restricted subjects blood vitamin 
levels, erythrocytic enzyme activities and urinary vitamin excretion decreased 
significantly; in vitro erythrocytic enzyme stimulation increased significantly. Again, 
several restricted subjects did not reach deficient blood values at all. Vitamin 
restriction had no harmful effects on health. Significant overall decreases were 
observed in V02-max (12%), OBLA (7%) and VO2-OBLA (12%), anaerobic power 
(peak power 9%; mean power 7%) and related variables. However, the observed 
performance decrements could not be attributed to restriction for any of the vitamins 
studied. Adjustment for potentially confounding changes in body weight, 
haemoglobin concentration and ambient temperature did not affect physical 
performance results. Again, no correlation was found between the magnitude of 
performance decrements and biochemcial indicators of vitamin status in blood. 
Discussion on possible mechanistic explanations resulted in the hypothesis that the 
absence of vitamin-specific effects on performance decrements is caused by 
quantitatively similar but non-additive effects of the B-vitamins studied on 
mitochondrial handling of reducing equivalents and consequently on muscle tissue 
redox state. 
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To evaluate the risk for functional and/or health consequences of low vitamin 
intake, the prevalence of single and combined low thiamin, riboflavin, vitamin B-6 
and vitamin С intake in various adult sex-age groups in the Netherlands is estimated 
in Chapter 6. Nutritional risks were evaluated by comparing the calculated intakes 
with the recommendations for each vitamin. For this purpose the data of a nation­
wide food consumption survey among 5898 subjects were used, which had been 
collected in 1987/1988 within the framework of the Dutch Nutrition Surveillance 
system. Food consumption data were obtained through 2-day dietary records. The 
respondents were segmented into tertiles based on their vitamin intake per MJ to 
adjust for differences in energy intake. As compared with the RDAs, mean overall 
intake was lowest for vitamin B-6. Based on tertile analyses, the risk for inadequate 
intake was relatively high for vitamin C, small for riboflavin and intermediate for 
thiamin and vitamin B-6. As the prevalence of (combined) low vitamin intake is low 
in the Dutch adult population, the risk on short-term functional consequences of 
combined low vitamin intake appears to be small; health risks in the long term cannot 
be excluded, however. It is concluded that in affluent societies nutritional risk 
assesment should not be based solely on single vitamins, but also be oriented at 
combined low intake levels. 
In the general discussion (Chapter 7) various aspects of vitamin-restricted diets, 
vitamin status and physical performance are discussed, as well as the relationship 
between vitamin status and physical performance during restricted vitamin intake and 
risks of combined inadequate vitamin intake in the adult Dutch population. The 
interindividual variation in magnitude and rapidity of vitamin depletion in restricted 
subjects was relatively high. Interindividual differences in determinants of 
requirement may have explained this observation. Despite low intakes, several 
restricted subjects did not reach values assumed to be indicative of (marginal) 
deficiency for the vitamins studied, especially for the biochemical indicators in blood. 
Estimation of the effectiveness of the applied vitamin variables in blood in classifying 
individuals with an inadequate vitamin intake, resulted in considerably lower 
sensitivity in comparison with specificity (all 100%). A re-evaluation of the cut-off 
points seems indicated in order to quantify their sensitivity and specificity at other 
levels. The biochemical data of our depletion experiments indicated that cut-off 
points for vitamin levels which are indicative of marginal vitamin deficiency can be 
raised and those for the activation coefficients can be lowered. 
In the combined restriction experiment it was assumed that additive effects 
and/or synergistic effects between the three В vitamins and vitamin С were 
responsible for the observed performance decrements, but the relative contribution 
of each vitamin could only be speculated about. The absence of B-vitamin-specific 
effects on performance decrements suggested similar but non-additive effects of 
these vitamins on mitochondrial metabolism. The greater decrement of physical 
performance parameters in the combined-restriction experiment and the absence of 
an effect of single vitamin С restriction suggest that a detrimental effect of vitamin С 
restriction is dependent on simultaneous B-vitamin restriction. This assumed additive 
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effect of vitamin С restriction may be the result of other properties than the role of 
vitamin С in carnitine synthesis such as its antioxidative function. 
It has been suggested that classification of individuals as either adequately 
nourished or (marginally) vitamin-deficient should be established by cut-off points 
based on functional criteria. However, we could not find any relationship between 
the magnitude of decrease of physical performance and of indicators of vitamin 
status, although there was considerable variation in individual functional and 
biochemical decrements. This may be due to the randomness of interindividual 
variation in the observed decrements. We concluded that human physical 
performance is not a reliable parameter yet for vitamin status asessment. 
The risk for combined inadequate thiamin, riboflavin, vitamin B-6 and vitamin С 
intake in the adult Dutch population resulting in acute functional consequences is 
assumed to be low. However, health risks in the long term cannot be excluded as low 
vitamin intakes are reportedly associated with an increased risk for cancer and 
ischaemic heart disease. 
The studies described in this thesis lead to the following main conclusions: 
combined restriction of thiamin, riboflavin, vitamin B-6 and vitamin С results in 
a decrease of physical performance in healthy young men in a relatively short 
period of time; 
physical performance is not a reliable indicator of vitamin status. 
the prevalence of combined low thiamin, riboflavin, vitamin B-6 and vitamin С 
intake is low in the Dutch adult population. 
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Samenvatting 
In rijke landen als Nederland komen uitgesproken vitaminedeficiënties zelden voor. 
Niettemin kan zelfs een lage prevalentie van ernstige deficiënties erop wijzen dat een 
veel groter aantal mensen lijden aan marginale vitaminetekorten. Een marginaal 
vitaminetekort kenmerkt zich door vitaminespicgcls in lichaamsvloeistoffen en 
-weefsels die beneden referentiewaarden liggen en door biochemische veranderingen 
in de stofwisseling zonder dat er sprake is van klinische symptomen van een vitamine-
tekort. Epidemiologisch onderzoek heeft uitgewezen dat in rijke landen de inneming 
van thiamine, riboflavine, vitamine B-6 en vitamine С marginaal kan zijn als gevolg 
van een onverstandige voedselkeuze of bereidingswijze. Welke gevolgen een 
marginaal deficiënte vitaminestatus heeft voor het functioneren en de gezondheid 
van de consument is nog niet erg duidelijk. Het onderzoek dat in dit proefschrift 
wordt beschreven was erop gericht te achterhalen wat de gevolgen zijn van een 
gelijktijdige beperking in de inneming van bovengenoemde vitamines op de 
functionele vermogens en wat de bijdrage van elk van deze vitamines is aan de 
gevolgen van deze beperkte inneming. Bovendien is bekeken of er specifieke groepen 
in de Nederlandse samenleving zijn met een meer dan gemiddeld risico op een te 
lage inneming van één van deze vitamines of een combinatie van verschillende van 
deze vitamines. 
Hoofdstuk 1 beschrijft de beweegredenen voor en de opzet van het onderzoek. 
Hoofdstuk 2 is een literatuuroverzicht waarin de rol van thiamine, riboflavine, 
vitamine B-6 en vitamine С in de stofwisseling wordt beschreven alsmede de behoefte 
aan en aanbevelingen voor inneming van deze vitamines. Tot dusver is er weinig 
onderzoek verricht naar de effecten van beperkte vitamine-inneming op het 
lichamelijk functioneren van de mens, en bovendien zijn de meeste van deze schaarse 
onderzoekingen onder onvoldoende gecontroleerde omstandigheden uitgevoerd. 
Hoofdstuk 3 beschrijft de resultaten van een dubbel-blind onderzoek onder 23 
gezonde mannen naar de effecten van een gecombineerde beperkte inneming van 
thiamine, riboflavine, vitamine B-6 en vitamine С Twaalf proefpersonen kregen acht 
weken lang een dieet bestaand uit normale voedingsmiddelen dat de genoemde 
vitamines bevatte ver beneden de in Nederland aanbevolen niveaus (thiamine 34% 
van de aanbeveling, riboflavine 28%, vitamine B-6 21%, vitamine С 32%). Het 
niveau voor andere vitamines was tweemaal zo hoog als de aanbeveling. Elf 
proefpersonen, die als controle dienden, werden onderworpen aan hetzelfde dieet 
aangevuld met tweemaal de aanbevolen hoeveelheid van de vier onderzochte 
vitamines. In de beperkingsgroep namen de vitaminespiegels in het bloed, de 
enzymactiviteit in erytrocyten en de uitscheiding van vitamines via de urine af, terwijl 
de stimulering van erytrocyten afnam (P<0,01 voor elk van deze factoren). 
Verschillende proefpersonen in de beperkingsgroep bereikten echter geen deficiënte 
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waarden in hun bloedspiegels voor alle onderzochte vitamines De niveaus voor 
pyridoxaal-6'-fosfaat en vitamine С waren deficient bij alle personen in deze groep 
Vitaminebeperking had geen nadelige invloed op gezondheid, lichamelijke activiteit 
en geestelijke prestaties Een significante daling werd geconstateerd voor aëroob 
vermogen (VO^-max, 10%), begin van bloedlactaatophoping (OBLA, 20%) en 
zuurstof gebruik bij dat niveau (VC^-OBLA, 15%) Er werd geen correlatie gevonden 
tussen de omvang van de achteruitgang van prestaties en biochemische indicatoren 
van de vitaminestatus in het bloed Er worden ten slotte enkele mechanistische 
verklaringen besproken en er wordt bij wijze van hypothese geopperd dat de 
achteruitgang van prestaties zou moeten worden toegeschreven aan een veranderde 
redoxtoestand van de cel door interferentie met de stofwisseling in de 
mitochondrien 
Om vast te kunnen stellen wat de relatieve bijdrage is van elk der onderzochte 
vitamines aan het nadelige effect van een gecombineerde beperkte inneming werden 
twee vervolgexpenmenten uitgevoerd In hoofdstuk 4 wordt het effect van een 
beperkte inneming van vitamine С beschreven In een dubbel-blind onderzoek onder 
12 gezonde mannen werden zes proefpersonen zeven weken lang onderworpen aan 
een dieet bestaand uit normale voedingsmiddelen dat 20% van de Nederlandse 
aanbeveling voor vitamine С leverde Het niveau voor alle andere vitamines was 
tweemaal /o hoog als de aanbeveling Na dne weken werd per dag 15 mg vitamine С 
extra verstrekt waardoor de totale inneming op de helft van de aanbeveling kwam te 
liggen Zes controle-proefpersonen kregen hetzelfde dieet met ook vitamine С op 
een niveau dat tweemaal zo hoog als de aanbeveling was In de beperkingsgroep 
daalde het niveau aan vitamine С in het bloed significant Twee proefpersonen 
bleven net boven het deficientieniveau Beperking van de inneming van vitamine С 
bleek geen negatieve effecten te hebben op gezondheid, V02-max of OBLA Wel 
werd op OBLA-niveau een versnelde polsslag geconstateerd tijdens de beperkings­
periode, mogelijk door interferentie met hetzij catecholamine of carmtine-
metabolisme Kortom, kortstondige beperking van de inneming van vitamine С heeft 
geen invloed op lichamelijke prestaties tijdens kortdurende intensieve 
inspanningstesten 
Hoofdstuk 5 beschrijft de effecten op het lichamelijk prestatievermogen van een 
beperking van de inneming van thiamine, riboflavine en vitamine B-6. In een dubbel­
blind 2χ2χ2 compleet factoneel experiment werden 24 gezonde mannen elf weken 
lang onderworpen aan een dieet dat uit normale voedingsmiddelen bestond en een 
beperkte hoeveelheid van de genoemde vitamines leverde (thiamine 39% van de 
aanbeveling, riboflavine 59%, vitamine B-6 26%) Voor alle andere vitamines lag het 
niveau tweemaal /o hoog als de aanbeveling In de beperkingsgroep daalden de 
Vitaminespiegels in bloed, de enzymactiviteit in rode bloedcellen en de uitscheiding 
van vitamines via de urine significant, de stimulering van enzymen in rode 
bloedcellen in vitro nam daarentegen toe Ook in dit onderzoek bleven verschillende 
proefpersonen boven het deficientieniveau Vitaminebeperking bleek geen nadelige 
invloed op de gezondheid te hebben Wel werd een significante daling geconstateerd 
voor V02-max (12%), OBLA (7%), V0 2-OBLA (12%), anaëroob vermogen 
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(piekvermogen 9%, gemiddeld vermogen 7%) en daaraan gerelateerde variabelen, 
maar de geconstateerde vermindering van het prestatievermogen kon niet worden 
toegeschreven aan aan verminderde inneming van één van de onderzochte vitamines. 
Correctie voor mogelijk verstorende veranderingen in lichaamgewicht, hemoglobine-
concentratie en omgevingstemperatuur had geen invloed op de resultaten. Ook in dit 
onderzoek werd geen correlatie gevonden tussen de omvang van de vermindering 
van het prestatievermogen en biochemische indicatoren van de vitaminestatus in het 
bloed. Een beschouwing van de mogelijke mechanistische verklaringen mondt uit in 
de hypothese dat de afwezigheid van vitamine-specifieke effecten op een 
vermindering van het prestatievermogen wordt veroorzaakt door vergelijkbaar 
sterke, maar niet-additieve, effecten van de onderzochte B-vitamines op het lot van 
reducerende equivalenten in de mitochondriën en daardoor op de redoxtoestand van 
het spierweefsel. 
Om een indruk te krijgen van de kans op nadelige gevolgen van een lage 
vitamine-inneming voor het functioneren en/of de gezondheid werd de prevalentie 
van lage inneming van thiamine, riboflavine, vitamine B-6 en vitamine C, 
afzonderlijk en in combinatie, onderzocht voor diverse groepen Nederlandse 
volwassenen verschillend in leeftijd en geslacht (hoofdstuk 6). Voedingsrisico's 
werden bepaald door de berekende inneming voor elke vitamine te vergelijken met 
de aanbeveling. Voor dit doel werden de gegevens van een landelijke voedsel-
consumptiepeiling gebruikt die in 1987/88 is gehouden onder 5898 personen in het 
kader van de Nederlandse Voedingspeiling. De consumptiegegevens werden 
ontleend aan dagboekgegevens over twee dagen. Om de resultaten te corrigeren voor 
verschillen in enrgie-inneming werden de respondenten in tertielen verdeeld op basis 
van hun vitamine-inneming per MJ energie. Vergeleken met de aanbeveling was de 
gemiddelde inneming het laagst voor vitamine B-6. Een analyse op basis van de 
tertielindeling wees uit dat het risico op een te lage inneming relatief hoog was voor 
vitamine C, laag voor riboflavine en daartussenin voor thiamine en vitamine B-6. 
Omdat de prevalentie van een (gecombineerde) lage vitamine-inneming gering is 
onder Nederlandse volwassenen lijkt het risico van functionele gevolgen van een 
gecombineerde lage vitamine-inneming op de korte termijn niet groot te zijn; 
gezondheidsrisico's op de langere termijn kunnen daarentegen niet worden 
uitgesloten. De conclusie lijkt gerechtvaardigd dat in rijke landen voedingsrisico's 
niet uitsluitend moeten worden afgemeten aan afzonderlijke vitamines en dat de 
gecombineerde lage inneming van verschillende vitamines mede in beschouwingen 
moet worden betrokken. 
De slotbeschouwing (hoofdstuk 7) stelt verschillende aspecten van vitamine-
arme voeding, vitaminestatus en lichamelijk prestatievermogen aan de orde alsmede 
het verband tussen vitaminestatus en lichamelijk prestatievermogen bij een beperkte 
vitamine-inneming en de kans op een te lage inneming van verschillende vitamines 
voor de Nederlandse bevolking. Individuele verschillen in de mate en het tempo van 
vitaminedepletie in de beperkingsgroep waren vrij hoog, wat kan worden verklaard 
door individuele verschillen in determinanten voor de vitaminebehoefte. Ondanks 
het lage innemingsniveau bleven verschillende personen in de beperkingsgroep, 
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vooral voor wat de biochemische parameters in bloed betreft, boven het niveau dat 
wordt verondersteld te wijzen op een (marginaal) vitaminetekort Beoordeling van de 
gebruikte vitaminevariabelen in bloed op hun vermogen individuen met een te lage 
vitamine-inneming te identificeren wees uit dat de sensitiviteit van deze variabelen 
veel lager was dan hun specificiteit (die 100% was voor alle gehanteerde variabelen) 
Het lijkt zinnig de grenswaarden aan een kritische herbeschouwing te onderwerpen 
om de gevoeligheid en specificiteit op andere niveaus vast te stellen De 
biochemische uitkomsten van onze depletie-expenmenten tonen aan dat de thans 
gebruikte grenswaarden voor vitaminespiegels die wijzen op een marginaal 
vitaminetekort bovenwaarts kunnen worden bijgesteld en dat de grenswaarden voor 
de activenngscoefficienten kunnen worden verlaagd 
In het experiment met een gecombineerde vitaminebeperking werd ervan 
uitgegaan dat additieve en/of synergetische effecten tussen de drie B-vitammes en 
vitamine С ten grondslag lagen aan de geconstateerde vermindering van het 
prestatievermogen Over de relatieve bijdrage van elk der vitamines viel evenwel 
weinig te zeggen Het ontbreken van effecten die specifiek zijn voor de B-vitamines 
op de vermindering van het prestatievermogen wees op gelijksoortige, met-additieve 
effecten van deze vitamines op het metabolisme in de mitochondnen Het feit dat de 
daling van parameters voor het prestatievermogen groter was in het experiment met 
een gecombineerde vitaminebeperking en het feit dat een beperkte inneming van 
vitamine С alleen geen effect had maken het aannemelijk dat beperking van de 
inneming van vitamine С alleen nadelige effecten heeft m combinatie met een 
beperkte inneming van B-vitamines Dit veronderstelde additieve effect van 
beperking van de inneming van vitamine С zou niet zo zeer het gevolg kunnen zijn 
van de rol van vitamine С in de carnitinesynthese als wel het gevolg van de betekenis 
van vitamine С als anti-oxidanl 
Er is wel gesuggereerd dal de indeling van individuen in toereikend gevoed en 
(marginaal) vitamine-deficient moet berusten op grenswaarden gebaseerd op 
functionele criteria In het in dit proefschrift beschreven onderzoek is echter geen 
relatie gevonden tussen de mate van achteruitgang van het lichamelijke prestatie­
vermogen en indicatoren van de vitaminestatus Daarbij moet wel worden opgemerkt 
dat er een sterke variatie was in de daling van functionele en biochemische 
parameters Deze kan mogelijk worden toegeschreven aan de willekeurige verdeling 
van de individuele variatie Deze resultaten leiden tot de conclusie dat het 
lichamelijke prestatievermogen bij de mens nog steeds geen betrouwbare parameter 
is voor de bepaling van de vitaminestatus 
De kans is gering dat de Nederlandse bevolking een dermate lage inneming heeft 
van zowel thiamine, riboflavine, vitamine B-6 als vitamine С dat deze resulteert in 
een acute achteruitgang van functionele vermogens Gezondheidsrisico's op de 
langere termijn kunnen evenwel niet worden uitgesloten gezien de relatie tussen een 
lage vitamine-inneming en de kans op kanker en ischemische hartziekten 
Uit het in dit proefschrift beschreven onderzoek kunnen de volgende conclusies 
worden getrokken 
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een gecombineerde beperking van de inneming van thiamine, riboflavine, 
vitamine B-6 en vitamine С resulteert al na korte tijd in een achteruitgang van het 
lichamelijke prestatievermogen; 
het lichamelijke prestatievermogen is geen betrouwbare indicator voor de 
vitaminestatus; 
de prevalentie van een gecombineerde lage inneming van thiamine, riboflavine, 
vitamine B-6 en vitamine С in de Nederlandse bevolking is laag. 
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Stellingen behorend bij het proefschrift 'Marginal deficiencies of 
thiamin, riboflavin, vitamin B-6 and vitamin C: prevalence and functional 
consequences in man' 
1. Vermindering van het lichamelijk prestatievermogen is de belangrijkste 
manifestatie van een kortdurende gecombineerde te lage inneming van thiamine, 
riboflavine, vitamine B-6 en vitamine C. 
(Dit proefschrift) 
2. Het is aannemelijk dat vermindering van het lichamelijk prestatievermogen tijdens 
een gecombineerde te lage inneming van thiamine, riboflavine, vitamine B-6 en 
vitamine С berust op verstoring van het mitochondriale energiemetabolisme. 
(Dit proefschrift) 
3. In tegenstelling tot wat wordt verondersteld, is het lichamelijk prestatievermogen 
geen gevoelige parameter van de vitaminestatus. 
(Dit proefschrift) 
4. De prevalentie van een gecombineerde te lage inneming van thiamine, riboflavine, 
vitamine B-6 en vitamine C, en daarmee de functionele en gezondheidsrisico's 
van een te lage inneming, kan in Nederland als laag worden ingeschat. 
(Dit proefschrift) 
5. Talent en trainingsarbeid zijn voor een sporter van veel meer betekenis dan de 
voedingsadviezen van adviseurs met onvoldoende voedingskundig inzicht. 
6. Het in opspraak brengen van (voormalige) atleten vanwege een vermeend gebruik 
van anabole Steroiden zonder deugdelijke bewijsvoering kan als een onrecht­
matige daad worden beschouwd en mag als zodanig in rechte worden betrokken. 
7. Bij de mens biedt pasteurisatie geen alternatief voor sterilisatie. 
8. Artikel 3 van de Arbeidsomstandighedenwet biedt werknemers de gelegenheid tot 
informele contacten met collega's tijdens werktijd en op de werkplek, voor 
zover deze de grens van al of niet gewenste intimiteiten niet overschrijden. 
9. Een Maisonneuve-fractuur zonder aanwijsbare diastase van de enkelvork kan in 
beginsel conservatief worden behandeld. 
10. De stabiele positie van het CDA in de Nederlandse politiek in weerwil van een 
sterke secularisatietendens kan deels worden verklaard uit het feit dat veel mensen 
nog wel willen stemmen maar niet kunnen kiezen. 
(D.G. van der Heij, persoonlijke mededeling, 1992) 
Eric J. van der Beek, Nijmegen, 16 juni 1992 



